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Maternal  provisionbg  of  the  egg  determines  offspring  characteristics  which  aflect 
developmental  success.  Traditional  life  histoiy  models  predicted  that  the  extremes  of 
larval  strategies,  plankiotrophy  (with  small  eggs)  and  nonfeeding  lecitholrophy  (with 
large  eggs)  would  be  favored  by  selection.  This  study  discovered  a range  of  egg  sizes 
and  nutritional  strategies  among  species  with  planklotrophic  larvae. 

Nutritional  experiments  on  echinoids  (egg  diameters  from  76)un  to  284pm)  were 
done  to  examine  the  relationships  among  endogenous  reserves,  the  need  for  exogenous 
nutrition,  and  developmental  success.  Different  ^lecies  and  concentrations  of  algae  were 
fed  to  echinophitei  Differences  were  found  among  algal  species  in  their  suitability  as 
food  and  in  the  concentrations  required  to  support  development  in  a limiting  vs. 


Donlimiling  manner.  Differences  in  riming  of  larvaJ  stages  were  noted  among  siblings 
fed  different  diets. 

Eight  species  of  echinoids  allowed  interspecific  congjarisons  of  the  effect  of 
endogenous  reserves  on  devetopment.  Egg  size  detennbed  the  developmenlai  stage 
reached  without  feeding  and  the  rate  of  developraent  with  or  without  fcedbg.  Larger  egg 
sizes  were  eorrelated  with  relaliveiy  longer  facultative  feedbg  periods,  and  with  shorter 
developmcnl  times,  but  did  not  result  b larger  juveniles. 

Blastomere  isolations  allowed  btraspecific  comparisons  of  the  effect  of 
differences  b endogenous  reserves  on  development.  Endogenous  reserves  determmed 
the  developmenlai  stage  that  could  be  reached  without  feeding.  Starved  larvae  ftom  half- 
size eggs  of  Afe/firo  quinquiesperfarala  (88pm)  could  only  allab  the  4-arm  stage,  while 
those  from  full-size  eggs  (I  lOpm)  reached  a later  stage  (6-arm)  on  endogenous  reserves. 
Larvse  from  half-size  eggs  grew  longer  feedbg  structures  than  did  full-size  siblings. 
Larvae  from  a species  with  larger  eggs  {Encope  aberrans),  from  half  (1 50pm)  or  full 
(195pm)  eggs  reached  the  final  larval  stage  (8-arm)  without  feedbg,  and  there  was  no 
evidence  of  differences  b arm  growth  between  fed  Irealmems.  There  was  no  difference  b 
juvenile  size  between  egg  size  treatments  withm  either  species,  when  mclamoiphosis 
occurred  at  the  onset  of  competency. 

This  work  provides  the  basis  for  new  directions  b life  history  theory.  Recent 
advances  b life  history  modeling  now  recognize  the  advantages  conferred  by 
intermediate  levels  of  maternal  bvestmeni  which  allow  a period  offecullative  feeding. 


CHAPTER  1 
INTRODUCTION 


AcerUralasslimplionoflifehisloty  iheory  is  that  malemal  inveslmenldelermines 
oi^ring  iitness  (Vance,  1973a,  b).  In  free-spawning  inahne  invenebrates,  the  egg 
contema  make  up  ihe  erlire  malemni  investmenL  Tfadilional  life  hisloty  models 
predicled  (hat  only  (he  extremes  of  egg  siae  would  be  fevered  by  scleaion  (Vance. 

1973a,  b;  Christiansen  &.  Fenchel,  1979,  for  a review  see  Havenhand.  1995).  The 

echjnodenns.  EmJet  el  aL,  1987)  has  been  interpreted  as  empirical  evidence  supporting 
these  life  history  models. 

Not  surprisingly,  a commonly  recognized  pattern  in  the  ecology  of  marine 

(planktotrophic)  larvae  (from  small  eggs)  and  nonfeeding  (lecithoirophic)  larvae  (from 
large  eggs)  (Thorson,  1950;  Mileikovsky,  1971;  Grahante  & Branch,  l985;Levin& 

Bridges,  1995).  Because  ofihe  predictions  of  life  hisloty  models,  any  intermediate  type 

of  development  was  expected  to  be  rare.  However,  an  intermediate  type,  the  facultative 
planktotroph,  has  been  found  in  gastropod  molluscs  (Thompson,  1958;  Kempf  & Todd, 
1989;  Kempf&Hodneld,  1985;  Perron,  1981;  Koltn  & Pe^ro^  1 994)  and  echinoid 
echinoderms  (Strathmann,  1978a;  Emlet,  1986;  Hart,  1996).  This  type  (facultative 
planktotroph)  has  been  recognized  os  a functional  lecitholroph  because  it  can  reach 


iL.  l99«;McEdward 


AJanies,  1997;McEdward,  1997). 

Recently,  a number  of  species  of  obligately  planktolrophic  subtropical  echinoids 
with  different  degrees  of  dependence  on  feeding  have  been  discovered  (Eckert,  1995; 
MeWeeney,  1995;  Heircra  erof.,  1996).  These  larvae  develop  beyond  the  iohial  larval 
feeding  stage  on  maternal  reserves  (without  feeding),  and  have  the  capacity  to  feed 
facultatively  before  they  reach  the  point  of  needing  exogenous  sources  of  nutrition 
(Herrera  era/.,  1996).  McEdward's  life  history  model (1997)  examines  the  possible 
advantages  of  a period  of&cultative  feeding  during  larval  development,  and  predicts  that 

^tecies  of  echinoids  from  the  subtropical  Gulf  of  Mexico  with  a range  of  egg  sixes 
provide  the  basis  for  this  latest  advance  in  life  history  modeling. 

Both  endogenous  and  exogenous  sources  of  nutrition  affect  the  growth  and 
devcloptneni  of  plankioirophlc  larvae  (Boidron-Meiairon.  l9gg;Sincrvo  &McEdword, 
l988;Strathmannc/o/.,  1 992;  Fenaux  el  o/.,  1994;  Ecken.  1995;  Herrera  era/.,  1996). 

To  examine  the  effects  of  differences  in  endogenous  and  exogenous  nutrition  amounts 
and/or  sources  on  larval  development,  a scries  of  comparative  studies  using  several 
species  of  sea  urchins  was  done.  Echinoid  larvae  are  particularly  suitable  for  studies  of 
nutritional  strategies.  They  can  be  reared  quickly  and  easily  on  any  of  a variety  of  algal 
species,  and  they  have  indeterminate  development,  tthich  allows  the  experimental 
manipulation  ofeggsixe  via  blastomere  isolation. 

The  effects  of  differences  in  exogenous  nutrition  were  examined  by  manipufating 
the  species  and  concentration  of  algae  provided  as  larval  food.  The  effects  of  differences 


in  endogenous  reserves  were  evaluated  among  species  with  different  egg  sizes  and  within 
species  by  experimentai  manipulation  of  egg  size.  These  studies  were  undertaken  to 
address  the  following  questions;  What  is  an  insufficient  versus  limiting  versus  non- 
limiting  diet  for  echinopiuiei.  and  what  are  the  effects  of  those  diets  on  larval 

species  affect  larval  development  time  and  trajectory?  How  does  malemal  investment 
affect  life  history  traits?  Can  larvae  from  species  with  ia^eregg  sizes  reach  later  stages 
of  development  without  depending  on  exogenous  feeding,  and  are  they  less  affected  by 
differences  in  exogenous  sources  during  any  panicutar  stage  of  their  developmenl?  Can 
a non- limiting  source  of  exogenous  food  compensate  for  lower  levels  of  egg  energy 
content?  How  does  a change  in  malemal  investment  affect  the  degree  of  dependence  on 

degrees  of  planklotrophic  development  limited  to  what  is  required  lor  imrinsic  maximal 

This  dissertation  is  made  up  of  seven  chapters.  There  is  an  introductory  chapter, 
five  chapters  of  experimental  studies,  and  a summary  chapter.  Each  of  the  second 
through  sixth  chapters  describes  a separate  study  on  the  nutritional  strategies  employed 
by  echlnopluteus  larvae.  This  introduction  serves  mainly  an  organizational  purpose. 

of  exogenous  food  can  compensate  for  a relatively  small  egg  size.  That  chapter  is  a 
comparative  study  of  the  effects  of  different  species  and  concentrations  of  algae  provided 


as  food  10  echioopluieus  larvae  oflhe  sea  urchin  lytacAimu  vonafalus  (Lamarck).  Three 
species  of  algae.  Rhodomonas  tens  (Pasber  and  Rulher),  Dunatiella  (erUotecla  (Butcher), 
and /soch/Tuirgo/hjnj  (Parke)  were  provided  separately  as  food  and  in  several 
coDcemraiions.  A second  trial  was  conducted  with  II  diffoiem  cODcenlraliotisofD. 
lenioleaa  presented  as  particulate  food  to  the  larvae.  An  evaluation  ofthe  concentration 
of  each  algal  ^>ecles  necessary  to  provide  an  insufficient,  limiting,  or  non-limiting  diet  is 

planktotroph.  For  the  purpose  of  the  subsequent  studies,  the  concemration  and  species  of 
algae  needed  to  provide  an  unlimited  diet  to  an  extreme  planktotroph  is  assumed  to  be 
sufficient  to  provide  an  unlimited  diet  to  any  planktotrophic  echinoid  larva. 

The  resuhs  in  Chapter  3 reveal  the  effects  ofa  non-limiting  diet  versus  starvation, 
how  non-limiting  exogenous  energy  sources  affect  larval  development  lime  and 
trajectory,  and  whether  high  levels  of  food  can  con^nsate  for  small  e^  sizes.  This 
chapter  is  an  extensive  morphometric  analysis  ofthe  bodies  and  skeletons  of  larvae  ofthe 
sea  urchin  LyKchinus  yariegauis  fed  three  different  diets.  Detailed  comparisons  ofthe 
growth  and  formofL  voriegntus  larvae  with  larvae  of  other  species  are  also  provided. 
The  chapter  also  includes  morphometric  comparisons  between  larvae  fed  equal 

between  larvae  which  were  starved  and  those  which  were  fed  non-limiting  amounts  off). 
leniolecia.  This  chaplet  is  in  press  in  the  Journal  of  Experimental  Marme  Biolocv  and 

Chapter  4 examines  the  relationship  between  egg  size  and  dependence  on 
exogenous  food  in  the  larvae  of  eight  species  ofsublropical  echinoids.  These  resuhs 


illuminale  how  matenal  inveslmem  affects  Ufe  history  trails,  whether  larvae  from  larger 
eggs  can  reach  later  stages  without  feeding,  and  what  effect  starvation  has  on  larvae 

among  species  with  different  egg  siaas.  Larvae  were  either  fed  or  starved.  Stage  of 
development  attained,  liminf  of  developmental  stages,  lime  of  metamorphosis,  and  size 
at  metamorphosis  were  noted  for  each  species  of  urchin.  Differences  in  dependence  on 
exogenous  food  in  relation  to  egg  size  (maternal  investment  peroflspring)  are  discussed 
in  light  of  recent  advances  in  models  of  marine  life  histories.  An  earlier  version  of  this 
chaplet  is  published  in  Volume  19  of  Oceanolopica  Acts  riOOiiit 

Chapter  5 presents  a discussion  ofthe  effects  of  a non-limhing  diet  versus 
starvation  in  an  intraspecific  comparison  of  larvae  from  full-size  and  half-size  eggs.  It 
reveals  whelher  larvae  from  larger  eggs  can  reach  later  stages  of  development  without 
feeding,  whether  they  are  less  affected  by  differences  in  exogenous  sources  during 

nutrition  can  compensate  for  differences  in  egg  size.  It  also  illustrates  the  effect  of 
starvation  on  larvae  from  different  egg  sizes.  This  chapter  examines  the  effects  of  an 
experimental  reduction  in  egg  size  on  the  larvae  ofthe  sand  dollar  Afe/fim 
quinquifsperfonua  (Leske).  Larvae  were  reared  from  half-size  and  full-size  eggs  and 
were  fed  limiting  or  non-limiting  amounts  oWunaliella  Itriioleclo.  or  were  starved. 

This  experiment  was  done  in  collaboration  whh  S.K.  MeWeeney  and  a discussion  ofthe 
effects  of  limiting  versus  non-limiting  diei  was  presented  b McWeency  (1995).  AfMia 
qu/nqu/tspei/orara  was  chosen  for  ihis  experiment  because  hs  larvae  from  full-size  eggs 
can  reach  Che  6-arm  stage  without  fccdbg.  This  is  a significant  intermediate  stage  b 


anns  stages  (McEdward,  I9!Sa)  and  an  increase  in  tic  amount  of  nulriiionaJ  resources 
required  to  support  developmeol  at  the  S-arm  stage  (Fenaiut  ef  al.,  1 988).  Attaining  the 
d-aim  stage  requires  a large  investment  in  energy. 

The  sand  dollar  studied  in  this  chapter  was  classified  as  M.  <julr«iuiaperforala 
according  to  the  criteria  of  Seialy  (1979).  A more  recent  vrnrk  by  Harold  and  Telford 
(1990)  distinguishes  between  the  species  Af.  quinquiesperforalami  Melliiaumiis\»xi 
on  several  morphometric  parameters  of  the  sand  dollar  test.  However  several 
moipbomelric  measurements  of  the  sand  dollars  used  in  these  studies  revealed 
intermediate  values  between  those  given  for  M.  quinquiesperforata  and  Af  tenuis  by 
Harold  and  Telford  (1990)  (unpublished  data). 

Chapter  6 addresses  the  questions:  how  does  matemal  investment  alTect  life 
history  traits,  do  larvae  from  larger  egg  sizes  reach  later  stages  without  feeding,  and  are 
they  are  less  affected  by  exogenous  sources  during  any  stages  of  development,  can  high 
exogenous  food  concentrations  compensate  for  lower  egg  energy  content,  does  a change 
in  matemal  investment  affect  the  degree  of  dependence  of  exogenous  food,  ond  is  the 
amount  of  energy  pockaged  in  the  egg  limited  to  that  required  for  intrinsic  maximal 
development?  That  chapter  is  a study  of  the  effects  of  an  experimental  leduciion  in  egg 
size  on  the  larvae  of  the  sand  dollar  Encope  aberrans  Martens,  Larvae  were  produced 
fiora  full-size  and  half-size  eggs,  and  were  either  fed  non-limiting  amounts  of  jpono/ie/fo 
r«niolee/o,  or  were  starved.  A detailed  morphometric  analysis  of  the  growth  and  form  of 
larvae  of  fneope  obe/Tonj  from  each  treaUnenl  is  presented.  That  chapter  provides  an 
inuaspccific  comparison  of  the  effccUofa  non-limiting  diet  or  starvation  on  brvae  from 
full-size  and  half-size  eggs  b a species  withe  long  laculialive  feeding  period  and  an  egg 


size  welJ  above  ibe  minimum  required  for  the  developiTient  of  the  initial  feeding  larval 

In  many  ofthe  eicperimenis  in  Chapters  2-6.  each  experiment  was  conducted  on 
larvae  &om  a single  spawn  and  a single  pair  of  parents.  This  reduces  the  amount  of 
variation  due  to  genotype  because  all  of  the  larvae  within  each  of  these  studies  are  full 
siblings.  Although  egg  size  is  correlated  with  egg  ene^  content  among  many  species 
(Strathmann  & Vedder,  1 977;  Turner  fiLauTence,  1979)  it  has  been  shown  that  there  is 
considerable  variation  in  maierrtal  investment  among  the  eggs  of  single  spawns  in  some 
echinoderms  (McEdward  & Coulter,  1987;  McEdward  & Carson,  1937).  The  variation  in 
energy  content  among  the  eggs  ofa  single  spawn  Eom  a single  urchin  is  as  gnrai  as  the 
variation  in  maternal  investmem  among  the  eggs  of  muhiple  females  in  a population  and 
among  the  eggs  of  females  from  different  populations  (McEdward  £ Carsoa  1987). 

That  the  variation  in  egg  energy  content  within  a single  spawn  reflects  (he  variation 
within  the  species  is  assumed  to  be  (he  case  for  those  species  studied  in  this  dissertation. 

While  egg  energy  content  is  nut  coirelaled  with  egg  size  within  species,  both  of 
thesecharacteristics  are  continuous  variables  and  arc  normally  dislribuled  (McEdward  & 
Cotsoa  1987).  Embryos  fromblastomere  isolation  irealmems  will  have  (on  average)  half 
ofthe  energy  content  of  embryos  from  full-size  eggs,  and  diflcrences  between  the  larvae 
from  eachtreatmenicanbeassumedlobelhe  result  of  a reduclion  in  maternal 

used  to  predict  (he  effects  of  an  evolutionary  change  in  egg  energy  content.  Previously. 


these  prediciions  relied  on  inference  from  intetspecific  comparisons.  Interspecific 
comparisons  are  IQteiy  to  be  confounded  by  differences  due  to  genetics,  evohjtionary 
history,  taxonomy,  geography,  and  seasonalhy.  Intraspecific  comparisons  on  fiill  siblings 
reared  under  identical  conditions  allow  us  to  isolate  changes  in  development  that  are  due 
strictly  to  a decrease  in  maternal  provisioning  of  the  egg. 

Chapter  7 is  a summary  discussion  of  the  major  conclusions  from  each  chapter. 
Dependence  on  exogenous  versus  endogenous  nutrition  is  discussed  in  relation  to  marine 
invertebrate  life  histories. 


CHAPTER  2 

DEVELOPMENT  AND  METAMORPHOSIS  OF  LYTECHINUS  VARIEGATVS  IN 
RESPONSE  TO  VARIATION  IN  EXOGENOUS  NUTRITION 


The  developmenlal  panems  of  planktonic  larvae  ofbenthic  marine  invenebraies 
are  categorized  depending  on  the  nutritional  sources  utilized  for  development  to 
metamorphosis  (Thorson,  1950;  Mileikovsky,  1971,  l974;Chia,  1974;  Jablonskl  & Lutz, 
1983;  Grahame  & Branch,  1985;  Levin  & Bridges,  1995).  Planktotrophs  require 
exogenous  paniculate  food  to  suppon  larval  devefopment  to  metamorphosis. 
Lecithotrophsfhoth  feeding  and  nonfeeding)  can  develop  to  metamorphosis  utilizing  egg 
energy  contents  (matemal  reserves),  and  the  formation  ofthe  juvenile  does  not  require 

The  growth  and  development  of  the  planktotrophic  larvae  of  echinoid 
echinoderim  (echinoplutei)  have  been  extensively  studied  for  at  least  a century  (Bury, 

1 895;  Monensen,  1898).  The  ca.se  with  which  gametes  and  larvae  can  be  manipulated 

development,  larval  ecology,  and  marine  invcnebrale  life  history  evolution. 

Species  with  planktotrophic  larvae  have  less  maternal  reserves  in  the  egg  than  do 
those  with  lecilhotiophie  larvae,  and  begin  exogenous  feeding  when  larval  feeding 


chinoids,  feeding  begins  when 


oflarvsl  arms  appear  (2-ot  4-armed  pluleus  stage  [2pl  or  4pl])  (Okazaki.  1975; 
Strathmarm.  R.R..I987).  In  many  species  whb  small  eggs,  developmeni  beyond  this 
stage  requires  Ibe  ingestion  of  exogenous  paniculate  food,  otherwise  planktotrophic 
echinoid  larvae  deteriorate  and  die  (Fenauxero/.,  1988),  as  do  the  planktotrophic  larvae 
of  other  laxa.  e.g„  crustaceans  (Anger  & Spindler,  1987)  and  molluscs  (His  & Seaman, 
1992). 

Planktotrophic  larvae  exhibit  significant  developmental  responses  to  a number  of 
environmental  condhions  including  temperature  (McEdward,  1985a)  and  Ibe 
concentration  of  exogenous  paniculate  food.  A limited  food  supply  alters  the 
morphology  and  developmeni  time  of  echinoid  larvae.  Arm  lengt^  ciliated  band 
(feeding  structure)  length,  and  lime  lo  melamorpbk  competence  berease  when  larvae  ore 
reared  in  nutritionally  limitbg  conditions  (Paulay  el  ai.  1985;  Boidron-Mciairon,  1988). 
These  morphological  and  developmental  responses  lo  exogenous  food  concentration 
(phenotypic  plasticity)  are  the  focus  of  many  recent  studies  (Strathmannero;.,  1992: 
Fenaux  ef  ai,  1994;  Eckert.  1995;  MeWceney,  1995;  Herrera,  in  prcpaialion). 

Comparisons  are  often  made  within  and  among  species  and  studies.  Theories  of 
larval  ecology  and  life  history  evolution  arc  based  on  these  comparisons.  Larvae  in 
various  studies  are  reared  on  dinereni  amounts  and  different  species  of  algae. 

changes  b development  and  the  lime  lo  metamorphic  competence  caused  by  differences 
in  diet  (Emletero/.,  1 987;  Slrathmann.  R.R.,  1987;  Pearse  & Camerom  1991). 

Theelfcci  oftcn^eralure  on  development  is  widely  recognized,  and  the  fact  that 


Jirnlied  vs,  inadequate  diet  for 


r each  species.  Is  fact,  requiremems 

sizes,  due  to  differences  in  temperaiuie,  seasonality,  or  phytogeny.  For  mote  valid 
comparisons  of  larval  development,  the  effects  of  various  diets  need  to  be  defined.  What 
are  the  minimum  concentrations  of  various  algal  species  necessary  to  support 
development  through  metamorphosis?  What  ore  the  minimum  concentrations  to  support 
maximal  rates  of  development  to  metamorphosis?  Are  there  differences  among  the  algal 
species  in  Ibeir  quality  as  larval  food?  Does  the  concentration  of  algae  fed  to  larvae  have 
an  effect  on  juvenile  size?  How  do  these  findings  compare  to  those  of  previous  studies? 

In  this  study,  larvae  of the  sea  urchin  hytec/imus  vorfegarui  were  raised  under 
several  nutritional  conditions,  varymg  the  species  and  concentration  of  algal  cells 
provided  as  food.  An  inadequate  diet  is  any  concentration  of  food  at  which  the  larvae  foil 
to  reach  metamorphic  competence.  A nutritionally  limiting  diet  is  defened  as  any 

ofi.  vaiiegalus  larvae  through  the  characteristic  larval  stages  and  to  metamorphic 
competence.  An  unlimited  diet  is  defined  as  any  concentration  of  food  at  which  (or 


Adults  of  the  sea  urchin  Lyiechinus  varlegaius  (Lamarck)  were  collected  from 
subtidal  populations  by  dredge  at  depths  of  2 to  3 meters  off  Seahorse  Key.  Florida 
(2m'N,  83“03-W),  in  May.  1992  and  by  SCUBA  approximately  8 miles  oRshore  from 


Hudson.  Florida,  in  the  Gulf  of  Mexico  (28°22'92"N.  82'52-00"W),  in  May,  1993.  The 


animals  were  transported  to  Ihe  laboraioty  at  the  Univerahy  of  Florida.  Qamesville.  and 
maintained  in  a recirculating  seawater  system  (average  tengierature  22*^.  average 
salinity  34ppt-).  Seawater  for  larval  and  algal  culturing  was  collected  at  the  University  of 
Florida  Whitney  Marine  Laboratory.  Marineland.  Florida  (Atlantic  coast).  Spawning, 
fenilizBtion,  and  larval  culturing  utilized  methods  by  M.F.  Strathmann  (19S7).  Adults 
were  induced  to  spawn  by  injection  of  O.Sml  of  O.SSM  KCI  into  the  coelomic  cavity. 
Females  were  inverted  over  beakers  of  filtered  seawater  (0.4S  pm)  to  collect  the  eggs. 
Eggs  were  then  rinsed  three  times  in  clean  filtered  seawater.  Egg  diameters  were 
measured  whh  an  ocular  micrometer  on  a compound  microscope.  Males  were  inverted 
over  petri  dishes  and  the  sperm  collected  "dry."  Two  drops  of  concentrated  sperm  were 
diluted  in  lOmI  of  filtered  seawater  just  prior  to  fertilization.  A few  drops  of  the  dilute 
sperm  suspension  were  added  to  the  cleaned  eggs  in  Hllered  seawater  in  a 2S0ml  beaker. 
Eggs  were  observed  Ju9  after  fertilization  to  evaluate  fenUizaiicn  success.  A visible 
vitelline  envelope  rises  from  the  surface  of  (he  eggs  that  have  been  fertilized.  In  all 
experiments,  fertilization  success  was  greater  than  95%. 

Approximately  lOOO  embryos  were  raised  to  the  early  two-armed  pluteus  stage 
(2pl)  in  filtered  seawater  in  each  of  several  glass  culture  vessels  (250ml).  At  the  2pl 
stage  larvae  were  placed  in  culture  vessels  at  concentrations  of  20  per  200  ml  filtered 

placed  in  an  environmental  chamber  and  maintained  with  constant  illumination.  Cultures 
of  embryos  and  larvae  were  unstirred.  The  culture  water  was  changed  every  second  day 


: filtration  (Boidron-Metairon.  1988),  transfer 


ope.  FreshJy  fihered : 


rand  wasted 


algal  cells  were  placed  in  clean  containers  and  larvae  were  individually  pipetted  into  the 
new  culture  containers  and  counted  to  tosasure  survival. 

Algae  were  raised  according  to  the  methods  of  Guillard  (1975).  In  preparation  ftr 
larval  feeding,  algal  cells  were  washed  by  centriiiigmg,  decanting  away  the  algal  nutrient 
medium,  resuspending  the  algal  cells  In  filtered  seawater,  recentriiiiging  the  suspensions, 
removing  the  wasbwater  and  then  resuspending  the  algal  cells  a second  time  in  freshly 
fihered  seawaler.  Algal  concentrations  were  determined  following  procedures  outlined  in 
Guillard  {1981)  using  a haemacylomeler  with  improved  Neulouer  ruling. 

The  effect  of  diet  (algal  species  and  concentration)  on  larva!  survival  and 
development  rates  was  exammed  in  two  separate  trials.  The  first  trial  (May,  1 992)  tested 
the  effect  of  varying  alga]  species  and  cell  concentration  in  the  cultures.  These  larvae 
were  from  Itie  single  spawn  of  one  pair  of  parents.  Larvae  were  fed  monocultures  of 
Rhodomonas  lens  (Pa^er  and  Ruther),  Dunoliello  tenioleaa  (Butcher),  or  hochrysis 
galbona  (Parke).  These  species  were  selected  because  they  are  commonly  used  to  culture 

through  metamorphosis  Infr,  vorfego/urat  rates  similar  to  those  in  the  environment  at 
some  limes  of  the  year  (Boidron-Melairon,  1987).  Each  algal  species  was  fed  lo  separate 
culturesof  larvae  at  concentrations  of2, 4, 6.  and  8 cells  pf*.  Control  cultures  were 
starved.  Each  treatment  was  duplicated.  Larvae  were  raised  at  ateinpetalure  of2S°C. 
Larval  survival  and  developmental  stage  were  recorded  twice  daily  at  twelve-hour 
miervals.  Afler  rudiment  formation  was  observed,  larvae  in  one  of  each  duplicate 
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e>?x)Md  10  excess  KCI  (40mM.  IS  miouies).  and  then  observed  for  meuimorphic  acliviiy 
for  two  hours  and  again  after  twelve  hours. 

The  second  trial  (May  1993)  tested  the  eflect  of  smaller  variations  in  aigal  cell 
concentrations  of  a single  species  {Dunaliella  renioleclay  This  alga  was  fed  to  cultures 
of  larvae  in  concentrations  of  0,0.5, 1,2, 3, 4, 6.  8, 10, 12,  and  14  cells  pf'.  These  larvae 
were  ftom  the  single  spawn  of  one  pair  of  parents.  These  parents  were  not  the  same  pair 
of  urchins  that  was  used  in  the  first  trial  Larvae  were  raised  at  a temperature  of  2Tt. 
Other  culturing  and  observational  procedures  were  the  same  as  in  the  first  trial.  Larvae 
were  observed  twice  daily,  and  survival,  larval  stage,  lime  of  development  of  the  juvenile 
rudiment,  time  of  metamorphosis,  and  size  at  metamorphosis  (diameter  of  the  lest, 
without  spines)  were  recorded.  Some  larvae  were  maintained  in  culture  for  several  days; 
metamorphosis  was  induced  and  juvenile  size  measured  at  later  ages  (12  or  ITdays), 

Statistical  analyses  bciuded  descriptive  statistics,  one  and  two  liclor  ANOVA’s, 
and  Duncan's  New  Multiple  Range  Tests,  ANOVA's  were  performed  using 
SuperANOVA  (Abacus  Concepts,  Inc.,  Berkeley,  CA,  1989).  A significance  level  ofpS 
0.05  was  used  for  all  analyses.  Juvenile  test  diameters  arc  reported  in  micrometers  with 
standard  error  values. 


All  larvae  were  at  the  2pl  stage  at  24  hours,  and  all  were  at  the  4-armed  (4pl) 
stage  at  2,  3,  and  3.3  days.  Starved  larvae  reached  only  the  4p|  stage.  Larval 
development  was  synchronous  within  each  ircolmeni.  There  was  no  variation  in  stage 


In  larvae  fed  D.  lerlioleaa  (Table  I),  ihe  larvae  fed  2 cells  ^r'  reached  the  8- 
armed  (8pl)  stage  ai  1.5  days.  However,  they  did  not  show  any  visible  evidence  of 
juvenile  rudiment  formation.  The  larvae  fed  4 cells  jif'  reached  the  8pl  stage  at  7 days 
and  meuunorphosed  at  14.5  days.  Larvae  fed  6 cells  pf'  were  8pl  by  day  6.5  and 
metamorphosed  at  14.5  days.  Larvae  fed  S cells  pf' were  Splat  6 days  and 
metamorphosed  at  13.5  days. 

Larvae  fed  2 cells  pf'ofA  fens  (Table  1).  reached  the  8pl  stage  at  11.5  days,  but 
did  not  ^wany  visible  evidence  of  juvenile  rudiment  formation.  The  larvae  fed  4 cells 
pl  ‘ reached  the  8pl  stage  at  7.5  days  and  metamoiphosed  at  1 4,5  days.  Larvae  fed  6 cells 
pf'  were  8pl  by  day  6 and  metamorphosed  at  14.5  days.  Larvae  fed  8 cells  pf'  were  8pl 
at  6 days,  and  inetamoTihoscd  at  13.5  days. 

Larvae  fed  2 cells  pf'  /.  go/bana  (Table  l)did  not  reach  the  6pl  stage  and  did  not 
show  any  visible  evidence  of  juvenile  rudiment  formation.  The  larvae  fed  4. 6 or  8 cells 
pf'  reached  Ihe  6pl  stage  si  8 days,  Ihe  8pl  stage  at  12  days,  but  did  not  develop  a visible 
juvenile  rudiment,  and  did  not  melamorphose. 

In  Ihe  second  trial  larvae  were  fed  11  different  concentrations  of  f>una/ir//a 
/erliofecto  (Table  2).  The  diets  ranged  from  no  food  to  14  cells  pf'.  All  larvae  were  at 
the  2pl  stage  by  24  hours,  and  all  were  4pl  by  day  2.  Starved  larvae  reached  only  the  4pl 
stage.  Larvae  fed  0.5  cell  pf'  reached  the  8pl  stage  at  8 days,  but  did  not  develop  a 
juvenile  rudiment.  Larvae  fed  1 or  2 cells  pf'  took  5 days  lo  reach  the  8pl  stage.  Larvae 
fed  1 or  2 cell  pi ' showed  some  rudiment  formation,  but  none  of  the  larvae  on  these  two 
diets  metamorphosed.  Larvae  fed  3 cells  pf'  reached  the  8pl  stage  at  5 days  and 
metamorphosed  at  17  days.  Larvae  fed  4 ormore  cells  pf' were  8pl  at  day  4.5.  Those 
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fed  4 or  6 cells  nl  ' metamorphosed  at  1 2 days.  Those  larvae  fed  8 to  14  cells  pi  ' 
metamorphosed  at  1 1 days. 

Juveniles  from  larvae  fed  3 cells  pf'  had  test  diameters  of324tl  8 pm  (day  17). 
Juveniles  &om  larvae  fed  4 cells  pf  had  test  diameters  of403±3  pm  when 
melamoiphosis  occurred  on  day  12  anl  diameters  of  43 1±1  pm  when  metamorphosis 
occurred  on  day  17.  Juveniles  from  larvae  fed  6 cells  pf'  had  test  diameters  of  399±1 
pm  when  metamorphosis  occurred  on  day  1 2 and  diameters  of  435±6  pm  when 
metamorphosis  was  induced  on  day  17.  Juveniles  from  larvae  fed  8 to  14  cells  pf'  had 
lest  diameters  of  396*398  ±1-2  pm  when  metamorphosis  occurred  on  day  II.  When 
metamorphosis  was  induced  on  day  12  Juveniles  from  larvae  fed  8 cells  pf'  had  test 
diameters  of43l±S  pm.  those  raised  on  10  cells  pf  had  test  diameters  of 437±£  pm. 
Juveniles  from  larvae  fed  12  cells  pf'  had  test  diameters  of  437±6  pm.  and  those  from 
larvae  fed  Hcellspf  had  test  diameters  of439±l  I pm. 


Concentrations  of  2 ceils  pf'  and  helow  were  insufficient  to  support  larval  growth  and 
development  beyond  the  4-arroed  stage,  a stage  that  the  larva  can  aitam  without  feeding. 
While  concentrations  of  4 to  8 cells  pf'  will  support  development  of  the  larval  body  to 
the  8-amted  stage,  the  larvae  retain  a simple  early  8-armed  larval  shape  and  tail  to 


(epaulettes,  pedicellariae).  In  addition,  there  is  no  evidence  of  juvenile  rudiment 

suflicient  diets  for  larval  developmeni  through  metamorphosis.  However,  diets  of  R.  lens 

cells  pi'  are  limiting  to  the  development  of  the  larval  body.  Uorvae  fed  diets  below  these 

higher  concentrations  of  the  same  algal  species.  Diels  below  8 cells  pf'  of  each  of  these 

not  begin  to  form  the  juvenile  rudiment  as  early  as  do  larvae  fed  8 cells  pf'  or  more. 

Eight  cells  pf‘  of  Dirno//e//o  lerilolecia  appears  to  be  comparable  to  a diet  of  6-8 
cells  pf’  of  Rhodomonas  lens  for  developmeni  to  the  folly  formed  8-armed  plutevs. 
However,  a sufTtcicni  diet  of  A.  lens  (6-8  cells  pf')  appears  to  allow  the  initiation  of  the 

occurred  at  the  same  age  in  both  of  these  treatments.  At  lower  concentrations  (2  and  4 
cells  p]*').  larvae  fed  D.  ferriolecra  reached  the  6pl  and  8pl  stages  sooner  than  do  those 
fedihesamecooccnualionsof/!.  lens.  These  larvae  fedD.  rerrio/ecro  exhibit  an 

(McEdward  & Hadfield,  19%).  This  flexibility  may  have  elTecis  similar  to  those  of 
larval  arm  elongaiion  (morphologicai  plasticity)  seen  in  other  studies  of  larval  responses 
to  variations  in  diet  (Boidron-Metairoa  1 983;  Sitalhmann  el  a/.,  1992:  Fenauxer  of., 


sirs  increases  the  length  oflhc  cilialed  I 


1994).  The  earlyaddhioDoflarval  arm  pairs  increases  the  length  oflhc  cilialed  bandatai 
allows  larvae  to  capture  more  food. 

The  first  trial  revealed  that  Isochrysis  galbana  is  an  insufficient  diet  at  any 
concentration  studied.  Rhadomortas  lens  provides  an  unlimited  diet  at  concentrations  of 

concentrations  of  2 cells  pi*'.  Larvae  on  asufTicienl  diet  of  this  alga  reached 
metamorphosis  at  13J- 14.5  days.  This  time  to  melamoiphosison  a diet  ofR  leas  is 
similarto  that  obtained  in  Boidron-Metairon's  (I9S7)  study  (13  days),  and  also  to 
development  times  obtained  for  larvae  fed  natural  seawater  in  that  same  study  (16  days). 


4 cells  pi  ',  and  an  insufficient  diet  at  2 cells  pf'.  This  alga  had  previously  been  found  to 
be  an  insufficient  diet,  even  at  "excess'  concentrations  (Boidron-Metairon,  I9S7),  and  at 
10  cells  pr'(McEdward£  Lawrence,  1981).  The  concentrations  used  in  Boidron- 
Metairon's  study  (1987)  were  not  reported  and  may  have  been  lower  than  "excess'  for 
this  species.  Extremely  high  concenirations  of  larvae  affected  results  mihe  McEdward 
and  Lawrence  study  (1981). 

In  the  second  trial,  8 cells  pf'  of £)anir/j>//o  leniolecia  was  confirmed  as  an 
unlimited  diet  for  the  development  of  both  larval  and  juvenile  structures.  Diets  of  4 cells 
pf'  and  above  were  unlimited  diets  for  the  growth  and  development  of  a fully-formed 
larva.  However,  less  than  8 cells  pf'  is  a limiting  diet  for  the  rapid  growth  of  the 
juvenile.  Two  cells  pf'.  or  less.  Is  insufficient  for  full  development  to  the  juvenile  (Table 
2). 
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supported  developmeu  to  metamorphosis  in  a fbv  of  the 
larvae  in  that  treatment,  these  larvae  were  oot  competent  to  metamorphose  until  day  1 7, 
$-7  dayskmger  than  requited  when  diets  were  4-14  cells  pf'-  The  juveniles  from  the  3 
cells  pf'  treatment  were  significantly  smaller  than  those  in  any  oflhe  other  treatments 
(regardless  oflhe  day  of  metamorphosis  in  those  treaCmeitts). 

Larvae  fed  4-6  cells  uf'  reached  coirqtetency  one  day  later  (12d)  than  those  fed  8- 
14  cells  pl'V  They  also  metamorphosed  into  juveniles  of  the  same  size  as  those  fed  diets 
of  8-14  cells  pf',  which  were  induced  to  melamoiphose  on  day  II,  but  smaller  than  those 
fed  8-14  cell  pf.  in  which  metamorphosis  was  induced  on  day  12.  Larvae  fed  8-14  ceUs 
pf'  were  competent  to  metamorphose  by  day  1 1 . Larvae  from  those  treatments  induced 
10  melamoiphose  on  day  12  were  larger  than  those  from  day  11.  A longer  feeding  period 
in  any  Irealmem  resuhed  in  a larger  juvenile  at  metamorphosis.  Given  sufTicient  feod. 
delaying  metamorphosis  albws  the  larvae  to  artain  a larger  juvenile  size  upon 
metamorphosing.  Eight  cells  is  a nonlimiting  diet,  and  higher  concentralions  of  food  did 
not  allow  the  larvae  to  attain  molamorphosis  earlier  nor  to  metamorphose  into  a larger 

With  the  exertion  ofindividuolsfed  the3cells  pf'  diet,  juveniles  from  all 
Ireatmems  (4-14  cells  pl  'j  were  the  same  diameter  when  metamorphosis  oceuired  on  the 
first  day  of  competency  for  each  treatment.  There  is  a relatively  conservative  juvenile 

In  the  Ittst  frial,  diets  of  2 cells  pf'  of  either  D.  rerltolecia  ar/i  fens  were 
insufficient  for  any  visible  development  oflhe  juvenile  rudiment.  The  first  trial  was 
n (he  second  iriaL  diets  of  I or  2 ceUs  pf'  of  D.  leniolecia  did 
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support  some  level  of  rudiment  formation  in  some,  but  not  sU,  of  the  larvae.  However, 
none  of  these  larvae  reached  ittetamorphosis  within  the  30  days  of  tbe  trial.  The  fact  that 
larvae  fed  I or  2 ceUs  pr‘  of  O.  leriiolecia  in  one  trial  showed  some  rudiment  fbmialiorL 
while  those  fed  2 cells  pf'  in  the  other  trial  did  not,  may  be  due  to  differences  in 
tempemiure  or  to  differences  in  the  endogenous  reserves  in  the  egg  due  to  maternal 
nutritional  condition  (Thompson.  I9S3). 

Comparisons  among  ^ecies  are  often  made  more  difficult  because  of  the 
diffcrettces  in  culturing  conditions  utilized  by  individual  researchers  (EmJei  e<  a!.,  1 987; 
Peaise  & Cameron,  1991).  Temperature  and  diet  have  been  demonstraied  to  have 
profound  effects  on  the  growth  and  develnpment  ofechinoid  larvae  (McEdwtird.  1985a; 
Boidron-Mctairon,  1988;  Straihmann  e/ a/.,  1992;  Fcnaitx  e(  of..  1994).  Even  within  the 
species  Lylechinus  Mariegaius,  separate  studies  have  reported  vastly  dirfeienl  schedules 

study  were  raised  at  higher  ten^erntures  than  in  some  prevbus  studies  (Boidnm- 
Meiairon,  1987;  Mazur  & Miller.  1971).  However,  in  Bokfron-Metalron's  study  (1987) 
icmpcralurcs  were  only  2-4*C  lower  and  yet  It  was  reported  that  L yarlegalus  did  not 
develop  a juvenile  rudiment  on  "excess*'  (not  defined)  amounts  ot  Diwoliella  leriiolecia. 
In  the  present  study  at  27°C  3 cells  pf'  of D.  icriiolecia  Is  sufficient  Ibr  development 
through  melamorphosis  within  1 7 days,  and  8 cells  pf' will  support  mclamoiphosis 
wHMn  11-12  days.  Mazur  and  Miller  (1971)  reared  f.  variegoru;  larvae  to 
melamorphosis  in  33-37  days  at  23°C,  however  larvae  in  thal  study  were  fed  an 
unspecified  amount  ofa  Cft/ore/Zn-like  freshwater  alga  and  it  is  urKlear  if  water  in  the 
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tihodomorjas  lens  and  reached  metamorphosis  within  9 days  (Cameron  er  ai,  1985; 
McEdward  ft  Herrera,  in  press).  There  is  a wide  range  of  development  limes  fbr  L 
voriegorus  among  previous  studies.  Most  of  these  studies  did  not  report  the  concentration 
of  algae  provided  as  food  fbr  the  larvae.  Standardizing  and  reporting  the  levels  of 
particulate  food  provided  in  larval  culiiires  would  Escilitate  comparisons  of  larval 
development  among  species  and  studies. 

Defining  diets  is  also  important  in  studies  on  developmental  plasticity. 

study,  larvae  fedD.  rerrio/eero  progressed  through  the  stages  of  the  larval  body  more 
rapidly,  yet  they  did  not  begin  development  of  the  juvenile  rudiment  as  early,  and  they 
reached  metamorphosis  at  approximately  the  same  time  as  did  those  fed  R.  lens. 

This  study  also  suppoits  the  hypothesis  that  the  building  of  the  larvaJ  body  is 
much  less  “energetically  expensive"  than  building  the  Juvenile  rudiment  (McEdward, 

1 984).  Larvae  of £.  wtriegjtos  fed  only  0.5  cells  pf'  of  D.  lenloleaa  can  reach  the  8pl 
stage,  those  fed  3 pf'  cells  can  develop  through  metamorphosis,  and  those  fed  8 cells  pf' 
exhibh  a maximal  rale  of  development  through  metamorphosis. 

The  determination  of  the  minimum  concentrations  of  algal  food  species  which  are 
non-limiting  to  larval  growth  and  development  is  imponant.  Some  algae  may  release 
metabolites  which  are  poisonous  to  larvae  (Wilson,  1981).  Eckert  (1995)  reported  that  I. 
galbana  may  have  been  toxic  to  larvae  ofEncope  fnichelini  at  concentrations  of  50  cells 
pf'.  Studies  of  growth  under  unlimited  food  conditions  can  be  conducted  and  this 
problem  with  toxicity  from  high  concentrations  of  algae  can  be  minimized  by  feeding 
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laivae  the  minimum  concemraiioiu  of  algae  which  still  allow  unlimited  growth  and 

Defining  insufficient  vs.  limited  vs.  unlimited  diets  is  essential  for  comparisons  of 
larval  growth  and  development  between  and  among  species  and  for  a better 
understanding  and  deCnhion  of  developmental  plasticity.  Insight  into  various  ^tecies 
requirements  for  exogenous  paniculate  nutrition  will  oonlribute  to  our  underslandliig  of 
Ihe  diversity  of  energetic  strategies  among  pbnktotrophic  larvae  and  the  energetic  costs 
of  larval  vr.  juvenile  development. 


Chapter  3 

BODY  FORM  AND  SKELETAL  ORO\VTH  IN  LARVAE  OF  THE  SEA 
URCHIN  LYTECHINUS  VARIEOATVS 


There  ore  many  di^erent  planklotrophic  (feeding)  larval  forms  in  the 
approitimaiely  30  phyla  of  marine  benthic  invertebrates.  Each  form  must  solve  the 
problcmoffecdingerreciively  on  plankton  while  suspended  inihe  muer  column.  The 
pkitktotrophic  pluieus  larva  of  the  echinoids  has  solved  this  problem  with  the  use  of  a 
ciliated  band,  feeding  by  capturing  panicles  with  a localized  reversal  of  ciliary  beat 
(Sirothtnann,  1971;  Stmthmann  erof.,  1972).  The  total  length  of  the  ciliated  bartd 
determines  feeding  ability  (Hon.  1991). 

The  larva  of  the  sea  urchin  Lyrechimii  vonegorur  develops  four  pairs  oforms 
durbg  the  larval  period  (Fig.  I).  The  ciliated  band  runs  around  the  larval  body  and  up 
and  down  the  larval  arms  (Fig.  2).  The  arms  of  the  A.  raricgalus  larva  ore  the  postorals 
added  during  the  2pl  stage,  the  anterolaterals  added  at  the  4pl  stage,  followed  by  the 
posterodorsols  at  the  dpi  stage  and  finally  the  prcotsls  ore  added  at  the  8pl  stage  (Mazur 
& Miller,  1971).  The  larval  body  Is  continually  growng  and  changing  In  shape. 

McEdward  (1984)  demonstrated  that  the  feeding  capability  of  echinopluieus 
larvae  depends  on  the  geometry  of  their  growth.  The  length  of  the  ciliated  band  increases 


I body  size.  This  is  accomplished  by  i 
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Figure  1.  PluteuslorviicDf(hcs«urchini>/«Afnujvortego(itf.  A.  4-anned stage.  B. 
4-armed  stage  skeletal  features,  C.  8-armed  stage,  D-  8-antied  stage  skeletal  features. 
Seale  bars  = lOOMm. 


Figure  2.  Localionof  Ihe  ciliated  bond  (bnld  and  doned  lines)  on  on  8-ormed  pluleus 
larva(ventral  view),  (modified  from  McEdward,  ISM). 


lion  of  1-6  pairs  of  larval  i 
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arms,  which  greatly  increases  the  length  of  the  ciliated 
band  feeding  structure  in  proportion  to  larvai  body  growth. 

There  are  difierences  in  the  morphology  of  plutei  fed  different  levels  of  (bod. 
Larvae  fed  low  levels  of  food,  or  starved,  grow  longer  arms  in  proportion  to  their  body 
Iengt^  and  thus  increase  the  amount  of  ciliated  band  feeding  structure  for  their  body  size 
(Boidron-Melairon,  1988;  Strathmann  era!..  1 992;  Fcnaux  er a/.,  1994).  When  food 
levels  are  high,  growth  of  the  juvenile  rudiment  occurs  earlier  (Chapter  2)  and  larval 
structures  ore  less  developed  (Strahmann  er  of,  1992).  Growth  and  fomioftbe  larval 
body  and  development  ofihe  juvenile  rodimenl  are  not  fixed  processes  affected  only  by 
genelicsor  endogenous  reserves  in  the  egg.  Differences  in  exogenous  food 
ooncentrations  cause  shifts  in  the  liming  of  development  and  the  extent  of  growth  of  the 
larval  body. 

In  this  chapter,  I quantify  the  growth  and  form  ofihe  pluteus  larva  ofihe  sea 
urchin.  Lyleehinus  varitgaius  using  three-dimensional  morphometric  measures  ofihe 
larval  body  and  skeleton.  Measurements  were  done  daily  and  cover  the  span  of 
development  from  the  simple  form  of  a 2pl  larva  with  one  pair  of  posloral  arms  to  the 
complex  formofanSpI  larva  with  fourpairsofarms  (Fig.  I).  Most  previous  work  has 

1984.  1985a,  l985a,b;Han.  1991; Srrongy/oceWro/i<srfroefcicA/enj/s, McEdward, 
I986a,b;  Han  & Schiebling,  1988;  Sinervo  & McEdward.  \9tt\  Siroagylocenrrolus 
purpuralui,  McEdward,  1986a,  b;  Sinervo  A McEdward,  \9ti-.Sinngyloceninlus 
/randscania.  McEdward.  1986a.  b).  This  study  presents  the  Tirst  three-dimensional 
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first  todetaUlar>dskeleialiw(phomeurbanechinoid.  Larvae  were  cultured oa  two 
diftereru  species  of  unicellular  algae  or  were  starved  providing  a comparison  ofthe 
efrectsofdiet  on  size  and  shape  changes  during  devebpmenl,  and  evidence  of 
morphological  plasticity  in  response  to  starvation  This  work  also  provides  the  i«sis  for 
the  first  quantilative  comparison  ofthe  growth  and  form  of  a subtropical  echinoid  species 
with  cold  temperate  sea  urchins. 

Methods 

Adults  of  the  sea  urchin  Lyiechinus  variegatus  (Lamarck)  were  collected  using 
SCUBA  in  depths  of  k'lO  meters,  15-25  kmofishore  from  Cedar  Key,  Florida 
(29^1.71”N,  83’I2.03"W.  July,  1992).  Culture  methods  followed  those  outlined  in 
Chapter  2. 

1-6  I fihered  seawater  and  nutritional  treatments  were  initiated.  The  culture  containers 
were  placed  in  an  environmemal  chandler  and  maintained  at  26*C  with  24-hr. 
illumination  and  without  stirring.  Water  changes  and  feeding  followed  procedures 
outlined  in  Chapter  2.  Larval  mortality  was  <59i. 

cells  pi  ' AAodomomu  fens  (Pasher  and  Ruthef).  In  the  second  trial,  in  order  to  provide  a 
comparison  ofthe  effect  of  food  quality  and  to  investigate  the  effects  of  starvation,  foil 
sibling  larvae  were  either  starved  or  were  fed  8 cells  pi  ' Dunaliella  icriiolecia 

development  (Chapter  2).  In  both  trials,  larvae  were  raised  under  the  same  cow 


r (Butcher). 


Begimiing  wiih  ihe  2pl  larval  stage  at  twenty-four  hours,  and  every  twenty-four 
hours  ihereailer.  through  the  late  Spl  larva  with  well-developed  rudiment  (S-9  days), 
morphometric  measurements  were  done  on  10  larvae  from  each  trealmenl. 

MeasuremerUS  were  made  within  1-1.5  hours  on  whole  mounts. 

Following  Ihe  procedures  of  McEdward  (19S4, 1 98Sb)  Ihree-dimensionnl 
measurements  of  larvae  were  collected  viacompulcr  digitization.  Larvae  were  fixed  in 
1%  formalin  in  seawater  in  batches  of  2-3  and  mounted  on  slides  under  coverslips, 
elevated  with  plaslicene  clay,  just  before  beginning  the  measurements.  Microscopic 
measurements  were  made  under  differential  interference  conuasl  optics  (DlC)  using  a 
lOxobjective  witha  total  mognificalion  of  I S6.25X.  Measurements  included  Ihe  overall 
length  oflhe  larval  body  from  the  posterior  tip  lo  the  tips  of  the  longest  arms  (postoials), 
Ihemidline  body  length  (sensu  McEdward,  1984),  the  lengths  oflhe  arms,  and  Ihe  length 
ofthe  ciliated  band.  The  3-d  measurements  were  made  with  a digitizing  tabicl  and  a 
rotary  encoder,  through  a custom-built  computer  interface.  The  horizontal  rcsolulion  was 
0.4  pm  and  the  vertical  resolution  was  0.6  pm.  Data  aetjuisition  and  morphometric 
calculations  were  made  using  programs  written  by  McEdward. 

Skeletal  Rod  Morphometries 

To  visualize  Ihe  larval  skelelon,  larvae  were  dehydrated  and  cleared.  After 
measurements  were  completed  on  the  larval  body,  the  specimens  were  removed  from  the 
slides  and  transferred  to  small  pelri  dishes  with  70%  ethanol  for  dehydration.  Larvae 
were  dehydrated  by  placing  them  in  two  changes  of  70%  ethanol  for  five  minutes  in  each 
change,  then  iransfeiring  them  to  100%  ethanol  for  2-5  minutes.  Forclearing,  larvae 


were  transferred,  in  a minimum  of  alcohol,  to  a small  glass  dish  filled  with  methyl 
salicylate.  Cleared  larvae  were  placed  in  a depression  slide  filled  with  melhyl  salicylate, 
then  covered  with  a coverslip  for  viewing.  For  detailed  procedures  see  McEdward  and 

were  observed  using  DIC  optics  and  at  the  same  magnifiealiDn  as  was  used  for 
measuremeitls  made  on  the  larval  body.  Using  procedures  described  in  McEdward 
(1984,  1985b)  and  McEdward  and  Herrera  (in  press).  lhree*dimensional  coordinates  were 
digitized  for  fixed  landmark  points  on  the  larval  skeletal  rods.  Landmark  points  were 
used  to  calculate  the  lengths  of  the  major  skeletal  pieces.  These  landmark  points  are  the 
tips  and  the  junctions  of  the  major  skeletal  rods  (Fig.  3). 

The  skeletal  measuremenis  taken  were  the  lengths  of  the  larval  arm  rods  (Fig.  3). 
Posioral  rods  were  measured  fiomthe  lips  of  the  rods  (Pi.  1.7)  to  their  Junctions  with  the 
body  rods  (Pi.  2,8).  Anterolateral  rods  were  measured  from  the  lips  of  the  rods  (Pt.  6,12) 
to  their  junctions  with  the  dorsahventral  connecting  rod  (Pi.  5,11).  Posterodorsal  rods 
were  measured  from  their  lips  (Pt.  19.22)  to  their  junctions  whh  the  dorsal  transverse  rods 
(Pt.  20  J3).  Preoral  tods  were  measured  as  the  sum  of  two  segments,  from  their  lips  (Pt. 
!6.l  8)  to  their  junctions  with  the  posterior  rod  of  the  dorsal  arch  (Pl  1 4).  The  body  rods 

(Pt.3,9). 

Larvae  are  difricuii  to  see  when  cleared  and  smaller  stages  are  easily  lost.  This 
fact  required  the  preparalion  of  several  more  larvae  than  were  used  for  body 
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Figure  3.  Larval  skeletal  rods:  PO  rods  1-2  and  7-8;  Body  rods  2-3;  and  8-9; 
VT  rods  2-4  and  8*10;  ALA  rods  5-6  and  U-12;  Dorsal  arch  14-15-16  aruJ 
14-17-18;  PD  rods  1 9-20  and  22-23;  DT  rods  20-21  and  23-24. 

(From  McEdward  & Herrera,  In  press). 


t pair  sets  of  body  and  i 


Analyses  of  the  effects  of  diet  and  lime  on  the  larval  body  and  skeleton  included 
descriptive  statistics,  two  factor  ANOVAs  with  type  three  sums  of  squares,  and  Duncan 
New  Multiple  Range  Tests.  ANOVA's  were  pcrfonned  using  Statview  (Abacus 
Concepts,  Inc.,  Berkeley,  CA  1992)  and  SuperANOVA  (Abacus  Concepts,  Inc., 
Berkeley,  CA  1 9S9)  to  compare  measures  of  size  and  shape  among  stages  of 
development,  and  among  nutritional  conditions.  A significance  level  of  pS  0.05  was  used 
Ibr  all  analyses. 

Abbreviations 

These  abbreviations  are  used  throughout  this  chapter  in  the  text,  table,  and 
figures;  PO  - posioral;  ALA  = anterolateral;  PD  - posierodorsal;  PR  = preoral;  CB  = 
ciliated  band;  BL  = midline  body  length;  BR  = body  rod;  2pl  * 2'armcd  pluteus;  4pl  = 4- 
armed  pluteus;  dpi  = 6-armed  pluteus;  8pl  = 8-nrmcd  pluteus;  8R  = 8-armed  pluteus  with 
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Larval  PeveloDmeni 

The  larvae  of  Lylichmus  variegatus  developed  throu^  melamoiphosis  wkhio  9 
10  II  daysat  aieniperaiur8of26*C(Table3;Flg.  4).  Larval  feeding  began  by  the  second 
day  (4pl)  as  evidenced  by  the  presence  of  algae  in  the  larval  gut.  The  larvae  reached  the 
6pl  stage  by  the  fourth  or  fifth  day  and  were  8pl  larvae  by  the  sbcthday.  Rudiment 
formation  was  visible  at  8*9  days  of  age  and  larvae  could  be  induced  to  metamorphose  a 

In  the  late  stage  8pl  larvae,  qiecialized  locomoloty  regions  of  the  ciliated  band 
(epaulettes)  had  developed.  These  epaulettes  formed  a transverse  ring  around  the  larval 
body  at  the  base  ofthe  arms.  A second  rbg  of  cilia  devebped  near  (he  posterior  end  of 
the  larval  body  (see  McEdward  & Heirera,  in  press). 

The  juvenile  rudiment  formed  at  8-9  days  alter  feniliaation.  The  posterior 
pedicellaria  developed  in  all  the  larvae  at  about  day  7 (Fig.  5).  Subsequently  a second 
and  third  pedicellaria  appeared  on  the  right  side  ofthe  body  in  many  larvae.  These 
pedicellariae  were  bcaied  between  the  TWO  rings  of  epaulettes.  Juvenile  skeletal  plates 
could  be  seen  devebping  at  the  tips  of  several  larval  skeletal  rods,  particularly  at  the  base 
ofthe  dorsal  arch  (Fig.  6)  (sec  McEdward  & Heirera.  in  press). 

The  skeleton  of  i.  variegorur  is  made  up  ofS  major  ebmcnls  (Fig.  1,3).  The 
larval  body  has  a bilateral  symmetry,  and  there  are  two  paired  right  and  left  skeletal 
pieces  and  two  unpaired  pieces.  The  largest  ofthe  paired  skeletal  etemenis  (bnri  the  body 
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Tabic  3.  Schedule  oflarvat  developnieDl  \a  Lyleehtmis  varitgatus- 


Ihfi  connecting  rods  which  ouach  the  anier 
arm  rods  and  body  rods«  and  the  rods  that  i 
anierolalcralanns.  Each  member  of  the  sc 


al  extensions  of  these  skeletal 
the  veniml  portion  of  the  larval  body. 


ond  pair  of  skeletal  elements  is  made  up  of  a 
sc  tod  which  supports  the  dorsal  side  of  the 


t rod,  artd  i 
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The  unpaired  skeletal  elemenrs  ate  the  dorsal  arch  and  a Uansverse  posterior  tod. 
The  dorsal  arch  is  a horseshoe  shaped  skeletal  piece  consisting  of  the  preoral  arm  rods 
which  curve  around  and  meet  at  a junction  with  a third  process,  which  extends  posteriorly 
along  the  dorsal  midline.  The  transverse  posterior  rod  is  at  the  extreme  posterior  end  of 
the  larval  body  and  appears  to  help  support  tWs  end  of  the  larva.  InL  wjr/egoras.  the 

larval  amt  rods  are  not  fenestrated,  and  the  skeleton  does  not  form  a “body  basket"  in  the 
posterior  region  (fora  more  extensive  discussion  of  the  larval  skeleton  see  McEdward  * 
Herrera,  in  press). 

The  paired  skeletal  elements  which  form  the  body  rod/postoral  arm 
rod/anlciolaleralarm  tod  complex  arc  the  first  skeletal  pieces  to  form.  They  ate  visible  at 
the  prism  stage.  By  the  end  of  the  first  day,  iheposioral  arm  rods  grow  and  extend 
beyond  the  margin  of  the  larval  body  to  form  support  for  the  posioral  arms,  and  the 
anterolateral  arm  rods  extend  to,  but  not  beyond,  the  anterior  edge  of  the  oral  hood  The 
body  rods  extend  to  the  posterior  lip  of  the  body.  The  ventral  transverse  rods  extend 
from  the  posloraybody  rod  Junction  and  meet  at  the  midline  of  the  body.  By  day  2 at  the 
4pl  stage  the  posioral  arms  have  elongated  and  the  anterolateral  arm  rods  have  extended 
beyond  the  oral  hood  in  formation  of  the  anterolateral  arms.  On  the  fourth  day,  the  dorsal 
arch  is  visible  within  the  larval  body,  and  on  the  fifih  day  the  posierodoraJ  rods  can  be 
seen.  By  the  sixth  day,  the  poslerodorsal  rods  extend  beyond  the  larval  body  to  support  a 
pair  ofposterodorsal  arms,  and  by  the  seventh  day  the  preoral  arm  rod  extensions  of  the 
dorsal  areh  have  grown  beyond  the  margin  of  the  oral  hood  to  form  the  anterolateral 
amts.  Juvenile  plates  begin  forming  and  are  visible  on  the  eighth  day. 


Larval  Morolmmeirv 


Larval  developDMDl  lime  &om  tbe  2pl  stage  to  lull)' developed  8R  stage  was  eight 

Dwuliella  itrilolecia.  The  starved  larvae  did  not  develop  past  the  4pl  stage  (Fig.  4). 

In  both  fed  treatments,  larval  length  increased  steadily  from  the  2pl  to  the 
rudiment  stage  (Fig.  7).  The  larval  length  of  larvae  fedX.  /ear  increased  from  283  ± 

7mm  at  the  2pl  stage  to  1252  ± 71mm  at  the  rudiment  stage.  In  larvae  fedD.  leniolecia. 
larval  length  increased  from  315  ± 5mm  at  the  2pl  stage  to  869  ± 37mm  at  the  rudiment 
stage.  In  starved  larvae,  length  increased  from3l9±  6nunal  (he  2pl  slageto  585  ± 

I Smm  on  day  three  (the  second  day  of  the  4pl  stage)  and  then  decreased  to  530  ± 12mm 
by  day  six  as  the  larvae  delerioiBied. 

In  both  fed  treatments,  body  length  increased  steadily  from  the  2pl  to  the  rudiment 
stage  (Fig.  8).  The  body  length  oflarvae  fed  A.  fens  increased  from  194  ± 3mmal  the  2pl 
slageto  760  ± 36mm  at  the  rudiment  stage,  and  in  larvae  fed£>.  rerrio/ecra  body  length 
increased  from  210  ± 3mm  at  the  2pl  stage  to  509  ± 19mm  at  the  rudiment  stage.  In 
starved  larvae  body  length  increased  from  216  ± 3mm  at  the  2pl  stage  to  306  ± 3mm  on 
day  three  (the  second  day  of  the  4-nrm  stage)  and  then  decreased  to  292  ± 4mm  by  day 

The  length  of  the  ciliated  band  (an  index  of  larval  feeding  capability)  increased 
I2-fb!d  between  IhelpI  and  rudimem  stages  in  larvae  fed  A lens  (Fig.  9).  The  ciliated 
band  increased  only  7-fold  in  larvae  fed£>.  lerriolecro.  The  length  of  the  ciliated  band 
increased  only  2.2-fbld  in  starved  larvae.  This  increase  occurred  between  the  2pl  stage 
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and  day  ihr«.  Subsequent  to  day  three  the  length  oftbe  ciliated  band  decreased  in 
starved  larvae. 

In  larvae  fed  fl. /ens.  the  ciliated  band  lenglhdsody  length  ratio  (an  Indea  of  body 
shape  complexity)  increased  from  4.38  ±0.10  at  the  2pl  stage,  to  10.71  ± 0,13  at  the  8pl 
stage,  and  to  13.60  ± 0.84  at  the  rudiment  stage  (Fig.  10).  In  larvae  fed  D.  leriiolecla.  the 
ciliated  hand  length^dy  length  ratio  mcrcased  from  4.95  ±0.05  at  the  2pl  stage,  to 
11.79  ± 0.34  at  the  8pl  stage,  to  13,87  ± 0.54  at  the  rudiment  stage.  In  starved  larvae,  this 
ratio  increased  from  5.00  ±0.08  at  the  2pl  stage  (day  one)  to  7.92  ± 0.40  by  day  4 and 
then  dropped  to  7.54  ± 0.2 1 by  day  six. 

The  percent  ciliated  band  on  the  arms  incrca.wd  from  day  one(2pl)  to  day  two 
(4pl)  in  all  irealmems  and  then  dropped  and  (luctualed  during  subsequent  development 
(Fig.  1 1).  The  percent  ciliated  band  on  the  arms  increased  from  60  ± I on  day  one  (2pl) 
to  68  ± I on  day  2 (4pl)  in  larvae  fed  R.  lens.  It  increased  from  61  ± I on  day  one  (2pl)  to 

73±l  ondaytwo(4pl)inlarvacfedD,  rert/o/ecra.  And,  it  increased  fromfrl  ± I on  day 
one  (2pl)  to  74  ± 1 on  day  two  (4pl)  in  starved  larvae. 

In  larvae  fed  R.  lens,  total  arm  length  increased  from  257  ± lOnun  at  the  2pl  stage 
to  3385  ± 294mm  at  rudiment  (Fig.  12).  In  larvae  fed  D.  leriiolecla,  total  arm  length 
bereased  from  3 1 8 ± 9mm  at  the  2pl  stage  to  23 1 5 ± I64ram  at  rudiment.  In  starved 
larvae,  total  arm  length  increased  from  330  ± 1 1 mm  on  day  one  (2pl>  to  a maximum  of 
854  ± 33mra  on  day  three  (second  day  at  4pl)  then  decreased  as  larvae  deteriorated. 

In  all  larvae,  the  postoral  arms  had  appeared  by  the  end  of  the  fust  day.  In  larvae 
fed  R leas,  the  posloral  arms  were  128  ±5mm  at  the  2pl  stage.  Theposioral  arms 
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474  ± 1 2mm  by  the  8pl  stage,  reached  a rraximum 
and  then  decreased  lo  703  ± 48mm  by  the  rudimem  stage  on  day  eight-  In  larvae  fed  D. 
leriloleda.  the  postoral  arms  were  159  ± 5mm  at  the  2pl  stage,  had  reached  500  ± 22mm 
by  the  8pl  stage  and  continued  to  increase  lo  the  rudiment  stage  reaching  558  ± 21  mm. 

In  starved  larvae,  the  posloral  arms  were  165  ± 5mm  at  the  2pl  stage,  reached  their 
maximum  length  of343  ± 14mm  at  day  three  (4p|)  and  then  decreased  as  the  starved 
larvae  deteriorated.  The  lengths  of  the  postoral  arms  on  day  three  for  the  fed  treatments 
were  276  ± 8mm  in  those  fed  R.  lens,  and  308  ± 5mm  in  those  fed  D.  lenioleaa. 

the  anleroiateral  arms  were  64  ± 4mm  at  the  4pl  stage  (day  two),  had  bereased  lo  89  ± 
15mm  at  the  8pl  stage  (day  five),  and  were  286  ± 80mm  by  the  rudiment  stage  (day 
eight).  In  larvae  fed  0.  (errio/eero.  the  antctoialerai  arms  were  71  ± 6mm  atthe  4pl  stage 
(day  two),  had  increased  to  1 65  ± 22mm  at  the  gpl  stage  (day  seven),  there  was  no 
significant  increase  b length  b this  arm  pair  after  day  six.  In  starved  iarvae  the 
anterolateral  arms  were  78  ± 4mm  at  the  4pl  stage  (day  two)  and  had  increased  to  102  ± 
5mm  by  the  sixth  day.  Unlike  Ihc  posloral  arms,  the  anterobteml  arms  combued  to 
berease  b length  and  did  not  appear  lo  deteriorate  from  the  third  to  the  al.-ohday. 

The  posterodorsal  arm  pair  appeared  at  day  four  in  larvae  fed  R.  lens.  These  arms 
were  63  ± 28mm  at  day  four,  166  ± 7mm  at  the  8-ann  stage  (day  five)  and  had  reached 
522  ± 67mm  by  the  rudiment  slage.  In  iarvae  fed  D.  leniolrcia.  the  posterodorsal  arms 
appeared  at  day  5,  and  were  67  ± 4mm  on  day  five,  bereased  lo  22 1 ± 1 5mm  at  the 


8-armslage(d<ly  seven),  and  ihen  to  334  ± 1 9mm  by  the  rudiment  stage.  Pos 
arms  did  not  develop  in  starved  iarvae. 

The  final  arm  pair,  the  preorai  arms,  formed  on  day  five  in  the  iarvae  fed  A fens. 
They  were  49  ± 3mm  b iength  on  day  five  b these  larvae  and  had  increased  b length  to 
1 K ± 44mm  by  the  rudiment  stage  (day  eight),  in  larvae  fed  D.  lerrioleaa,  the  preoral 
arms  were  60±  6mm  at  the  8pi  stage  (day  seven)  and  had  increased  to  107  + :9mm  by 
the  rudiment  stage.  These  arms  appeared  to  be  growing  (aster  b the  iarvae  fed  R.  Uns. 

In  larvae  fed  R.  lens,  the  preoral  arms  increased  fiom  49  ± 3mm  on  day  five  to  172  ± 
I9mm  on  day  seven,  compared  loan  increase  from  60  ± 6mm  on  day  seven  to  107  ± 

1 9mm  on  day  nbe  b larvae  fed  D.  lenioleeio.  Starved  larvae  did  not  develop  preoral 

In  all  larvae,  the  postoral  arm  rods,  anietolaieral  arm  rods,  ventiai  tiansversc  rods 
and  body  iod.s  had  appeared  by  the  end  of  the  first  day  (Table  4).  In  larvae  fed  R.  lens, 
the  posioml  arm  rods  were  152  ± 8mm  at  the  2pl  stage  (day  l)(F^.  13).  The  posioral  arm 
rods  reached  591  ±9mm  by  the  8pl  stage  (day  5),  and  were  867  ± 1 2mm  by  the  laic  8pl 
stage  (day  seven).  In  larvae  fed  D.  tertiolecia.  the  posforal  arm  rods  were  1 72  ± 6mm  at 
the  2pl  stage  (day  1),  had  reached  585  ±23mm  by  the  8pl  stage  (day  7)  and  continued  to 
increase  to  the  nidbieni  stage  (day  9)  reaching  660  ± 26mm.  In  starved  larvae  the 
posioral  arm  rods  were  196  ± 3mm  at  the  2pl  stage  (day  1),  reached  their  maximum 
length  of  461  ± llmmat  day  three  (4pl)  and  then  decreased  to  393  ± 13mm  by  day  six  as 
(he  starved  larvae  deierioraled.  The  lengths  of  the  postoml  arm  rods  on  day  three  for  the 
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ooniinued  to  increase  10  the  rudiment  stage  (day  9)  reochins477±42mm(F^  14).  In 

starved  larvae,  the  anterolateral  arm  rods  reached  their  tnaxiimun  length  of246t  9mm  at 
day  three  (4pl)  and  there  was  no  significant  difference  in  anterolateral  arm  rod  length 
betwcenday  three  and  day  sia  (223  ± 18mm),  The  lengthsof  the  anterolateral  arm  rods 
on  day  three  for  the  fed  Ireaunenis  were  233  ± 9mm  in  those  fed  R.  lens,  and  234  ± 4mm 
in  those  fed  D.  leriiolecia. 

In  larvae  fed  R.  lens,  the  ventral  transverse  rods  were  57  ± 2mm  at  the  2pl  stage 
(day  1).  reached  144  ± 7mm  by  the  8pl  stage  (day  5),  and  were  231  ± 7mm  by  the  latcgpl 
stage  (day  seven).  In  larvae  fed  D.  leriiolecia.  the  ventral  transverse  rods  were  56  ± 2mm 
at  the  2pl  stage  (day  I ),  had  reached  IS3  ± 12mm  by  the  8pl  stage  (day  7)  and  continued 
to  increase  tolhe  rudiment  slagc  (day  9)  teaching  I98±  1 5mm  (Fig.  15).  In  starved 
larvae,  the  ventral  transverse  rods  were  53  ± 2mm  at  the  2pl  stage  (day  I),  reached  their 
maximum  length  of  89  ± 3mm  at  day  fotir(4pl)  and  there  was  no  significant  difference  in 

In  larvae  fed  R.  fens,  the  body  rods  were  102  ± 3mm  at  the  2pl  stage  (day  I),  and 
there  was  no  significant  change  in  their  length  untD  day  seven  at  which  lime  their  length 
had  decreased  to  88  ± 4mm  (Fig.  16).  There  was  no  significant  difference  in  body  rod 

difference  in  body  cod  length  between  day  one  and  day  six  (when  measurements  were 
slopped)  in  starved  larvae. 

The  poslerodorsal  arms  and  their  tods  appeared  at  day  four  in  larvae  fed  lens 
(Table  4).  These  arm  rods  were  72  ± 8mm  at  day  four.  2 1 1 ± 7mm  at  the  8pl  stage  (day 
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five)  end  had  reached  553  ± 19mm  by  day  seven  when  measuremenls  were  terminaled 
Id  larvae  fed  D.  leniolecla.  the  posterodorsal  arms  and  their  rods  appeared  at  day  five  atxl 

the  rods  were  57  ± 9mm  on  that  day,  increased  to  280  ± 15mm  at  the  8pl  stage  (day 
seven),  and  then  to  384  ±2lmrahy  day  nine  (Fig.  14).  Posterodorsal  arms  and  their  rods 
did  not  develop  in  starved  larvae. 

The  dorsal  transverse  rods  appeared  at  day  four  in  larvae  fed  R lens  (Table  4). 
These  rods  were  38  ± 5mnt  at  day  four  and  had  reached  178  ± 8mm  by  day  seven  when 

appeared  at  day  5 and  were  36  ± 7mm  on  that  day.  They  increased  to  I42±8mmbyday 
rtine  (Fig.  1 5).  Doisal  transverse  rods  did  not  develop  in  starved  larvae. 

The  final  arm  pair,  the  preoral  arms,  formed  on  day  five  in  the  larvae  fed  R lens, 
but  the  preoral  arm  rods  formed  on  day  three  (Table  4)  and  they  were  12  ± 3mm  long  on 
day  three.  They  had  increased  to  405  ± 23mm  by  day  seven.  In  larvae  fed  D.  tenioleeia, 

they  were  50  ± 17mm  long  on  day  five  (Fig.  14).  They  increased  in  length  to  232  ± 

15mm  by  day  seven  and  to  323  ± 28mm  by  day  nine.  Starved  larvae  did  not  develop 


Larval  Devetonmeni  in  Lvtechims  'ar/eggrirt 

A general  descriplion  of  larval  development,  and  a developmental  schedu 
fertiluationlo  metamorphosis  (at  25-27T).  &>t  Lyiechinus  wriegatus  was  preset 


Chapler2.  The  resulu  obtained  here  differ  link  from  those  obtained  in  the  previous 
study,  when  compared  at  similar  levels  of  food. 

In  iaier  stage  larvae,  there  were  several  sites  where  loeomolory  cilia  developed 
fromthecilialedband.  There  were  two  posterior  epaulene  rings.  One.  as  described  by 
Mazur  and  Miller  (1971).  was  a telotrochal  ring,  and  the  other  formed  as  a ring  around 
the  body  near  ihe  bases  of  the  posioral  and  posterodorsal  arms.  Monensen  (1921) 
reported  an  area  of  loeomolory  cilia  in  the  posterior  region  but  described  it  as 
posterolateral  processes  rather  than  a ring  epaulene.  In  addition  id  the  Iwo  epaulette  rings 
there  are  several  loeomolory  lobes  of  the  ciliated  band  on  either  side  of  the  bases  of  the 
posioral  artd  poslerodorsal  arms.  There  are  also  other  lobes  on  Ihe  larval  body 
(particularly  on  the  dorsal  side)  that  have  loeomolory  cilia. 

Morphomcitic  Description  of  Larval  PcvelODmcnl  in  L varittaius 

Larvae  led  8 cells  pl  ‘ ofO.  rcn/o/ecro  reached  mctamotphic  competency  by  day 
1 1 . Three  morphometric  meDsurernenls  of  pluicus  size  were  msde.  The  larval  length, 
horn  the  lip  of  the  postoral  arms  to  the  posterior  tip  of  the  body,  oflhese  plutei  increased 
apprortimalely  3-fold  from  the  2pl  lo  the  SR  stage  (Fig.  7).  The  body  length,  measured 
from  (he  mldline  of  the  anterior  lip  of  the  oral  hood  to  the  posterior  lip  of  the  body, 
increased  approximately  2.3-fold  from  the  2pl  lo  Ihe  SR  stage  (Fig  8).  The  knglh  of  the 
larval  feeding  siructure,  Ihe  ciliated  band,  increastnl  approximately  7,23-fold  from  the  2pl 
to  the  SR  stage  (Fig.  9). 

The  ratio  of  Ihe  ciliated  band  length  to  the  body  length  is  an  indicator  of  larval 
shape.  This  ratio  irKreased  from  4,93  al  the  2pl  stage  to  13.87  at  the  SR  (Fig.  10).  This 


I band  length  increased  i 


I body  length  and  that  this 


increase  is  due  to  changes  in  larvoJ  shape  rather  than  just  increases  in  body  size. 

Isometric  growth  accounts  for  17%  of  the  increase  in  the  ciliated  band,  while  allometric 
growth  accounts  for  E3%oflhe  increase.  Another  indicator  of  larval  shape  change  is  the 
percentage  of  ciliated  band  found  on  the  arm  pairs.  At  the  2pl  stage,  the  posloral  arms,  of 

each  new  pair  ofarms  isadded  unlUh  drops  to  49%  at  day  9,  the  8R  stage  (Tig.  II).  The 
anteroiaterai  arms  contribute  about  22%  to  the  ciliated  band  on  the  antis  at  the  4pl  stage 
and  this  percentage  also  drops  to  about  12%  as  the  other  two  pairs  of  arms  arc  addecL 
The  posicrodorsal  arms  account  for  about  1 1%  of  the  ciliated  band  on  the  amts  at  the  dpi 

of the  ciliated  band  on  the  arms  during  the  last  few  days  of  development. 

Effects  ofFood  Type  Othodomonas  Irni  vs.  Dvnalltllo  lerr/olecia) 

(9dnyspost  fertilization)  sooner  than  did  those  fed  8 cells  pf'  o! Danaliella  lenioleda 

flhhday  (6-onned  stage)  when  those  fed  R.  lens  attained  a larger  larval  size  in  every 
measurement  taken.  Total  larval  length  (Fig.  7)  and  midlirte  body  length  (Fig  8)  through 
days  were  similar  for  larvae  raised  on  either  diet.  After  the  fifth  day,  both  of  these 

larvae  fod  R.  lens  were  apptoaimately  50%  longer  than  those  fod  D.  leniolccia.  From 
day  5 (6pl  stage)  throughout  the  rest  of  development,  the  larval  arms  and  their  skeletal 
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hand  length. 

TbecDiated  toad  length  to  body  length  ratio  is  on  indicator  oflarval  shape 
change.  It  denotes  the  amount  of grouih  ofthe  larval  feeding  apparatus.  tbecUiated 
band,  relative  to  the  size  of  the  larval  body.  At  the  3R  stage  the  larvae  that  were  fedR. 
lenrdid  not  havea  more  complex  shape  than  those  fed  D.  lenio/ecra  (Fig.  10).  The 
larvae  fed  R.  tens  did  have  longer  ciliated  bartds  and  were  longer  in  all  measurements  of 
size,  but  their  increased  capacity  to  feed  was  a resuh  of  these  size  changes  and  not  a 
result  of  any  development  ofa  more  corr^lex  shape.  The  percentage  of  ciliated  band  on 
the  arms  (Fig.  11)  is  also  an  indicator  of  shape  change.  The  dilTerences,  seen  between 

the  ueaimenu.  These  data  suggest  that  dirferences  in  tbc  nuu-iiional  quality  of  the  algal 
species  offered  as  food  determines  the  rate  at  which  larvae  grow  and  develop,  but  it  docs 

The  larvae  fed  R.  lens  had  longer  ciliated  bartds.  but  they  were  also  larger  in 
measures  oflarval  size,  and  the  ratio  of  their  ciliated  bond  length  to  body  length  did  not 
differ  from  that  of  the  larvae  fed  D.  icniolecia.  The  larvae  fed  R.  lens  were  able  to 
capture  more  ceils,  but  they  were  also  larger.  The  ability  to  feed  relative  to  body  size  was 
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Starved  larvae  did  not  reach  metamorphic  cooqtetency  (Fig.  4),  The  larvae  of  L 
vnriegatiu  can  develop  to  only  (be  4pl  stage  without  exogenous  partkulale  food.  No 
additional  ann  pairs  developed,  and  the  total  length  of  the  amts  did  not  increase  after  day 
2.  (Fig.  12, 1 3).  The  larvae  survived  lor  at  least  6 days,  but  they  stopped  growing  and 
developing  after  day  2 (Fig.  4.  8,9),  and  b many,  the  arm  rods  ofihe  skeleton  began  to 
protrude  beyond  the  soft  (issues  at  the  tips  of  (he  arms. 

Ciliated  band  lengths  were  the  same  in  both  starved  and  fed  treatments  on  day  1 at 
thc2pl  stage.  The  length  of  the  ciliated  tend  in  the  fed  larvae  increased  steadily  from  day 
1 to  day  6.  while  that  ofihe  starved  larvae  increased  from  day  I to  day  2 and  did  not 
iiKrease  significantly  after  that.  In  starved  larvae,  there  was  no  change  in  larval  shape 
after  day  2 as  evidenced  by  the  fact  that  the  ciliated  band  length  to  body  length  ratio  did 
not  increase  (Fig,  10).  This  ratio  increased  rapidly  from  doy  1 to  day  2 for  both 
ireolmenis  but  there  were  no  ^nificonl  differences  in  the  ratios  until  day  S,  when  fed 
larvae  reached  the  dpi  Stage  and  continued  to  increase  the  ratio  of  ciliated  tend  length  to 
body  length.  Starved  larvae  plateau  after  the  second  day  (4pl)  as  they  fail  to  form  the  last 

feed  early  in  its  larval  life.  It  is  an  early  obligate  planktofroph  (sensu  Herrera  e(  oi,  1996: 
McEdward,  1997).  fyrecAinus  voriegorus  depends  on  paniculate  feedbg  very  early  in 

stages,  without  feeding.  This  is  similar  to  some  of  (be  starved  larvae  from  previously 


10  other  subtropical  echinoids  with  higher  levels  of  endogenous  reserves  (Eckert,  1999; 
Herrera  cr  a/-,  1996). 

StarvatioR  did  not  affect  the  length  of  the  body  rod.  which  forms  early  in  larval 
life  (by  the  2-anned  stage)  and  does  not  grow  later  in  development  but  did  influence  the 
length  of  the  arm  rods . Early  skeletal  formation  is  not  influenced  by  exogenous  food 
supply,  but  later  growth  is  affected  by  environmental  conditions  and  is  subject  to 
variation  in  response  to  food  levels  (Boidron-Melairon.  I98g;  Han  & Schiebliitg,  198S; 
Stmihtrrann  er  a/.,  1992:  Fenaux  er  o/..  1994). 

In  starved  larvae  of  L variegatus  at  day  2,  the  arms  were  longer  than  those  of  fed 
sibling  larvae  (Fig.  1 2).  Also,  the  overall  body  length,  a measurement  of  larval  size 
which  includes  the  length  of  the  postoral  arms,  the  total  arm  length,  and  the  length  of  the 
ciliated  band  of  starved  larvae  were  significantly  longer  than  those  of  fed  sibling  larvae 
on  day  2 (Fig.  8).  This  may  indicate  a plastic  response  to  the  absence  of  food  similar  to 
that  seen  in  late  stage  larvae  experienebg  starvation  due  lo  low  levels  of  food  (Boidron- 
Metairon,  1988;  Slrathmann  el  al^  1992;  Fenaux  erof.,  1994).  Larvae  grow  longer  arms 
in  response  10  low  levels  of  food.  This  allows  them  to  gather  more  exogenous  resources 
to  feel  their  development.  This  response  appears  to  he  more  evident  in  strongly  obligate 
planktotrophs  (present  study)  than  in  larvae  Dorn  species  with  larger  eggs,  a longer 
facultative  period,  and  less  dependence  on  exogenous  food.  Eckert  (1995)  did  not  find 
evidence  ofplasticiiy  in  larvae  of  the  sand  dollar  Encope  michetini,  an  echinoid  whh  an 
egg  size  of  175  pm.  L.  vor/egati/r  has  a much  smaller  egg  size  of  I lOpra  (Mazur* 


PevtloDmenl  and  Oromh  of ihe  Larval  Skelaon 


Tbesketeionofibepluteusofl.  rar/^gaiui  is  composed  of6  skelcialpieccs  (Fig. 
3).  These  skeletal  pieces  are  (he  main  skeletal  elements  which  aie  choisclcrislic  of  the 
echinoid  crown*group  ancestor  (Wray,  1992).  The  major  difference  in  (he  t.  variegarus 
skeleton  is  that  thepostcral  and  posterodorsal  arm  rods  are  not  fenestrated.  Also  of 
interest,  and  reponed  by  Monensen  (1921),  is  the  fact  at  L var/egolw  does  not  form  a 
skeletal  body  basket  in  Ihe  posterior  region  of  (he  body.  Most  of  the  larvae  developed  a 
terminal  pedicellaria  at  the  posterior  lip  of  the  body.  Later,  many  also  developed  two 
lateral  pedicellarioe  on  Ihe  right  side  of  Ihe  body,  between  (he  two  cpaulelie  rings. 

Measurements  revealed  that  Ihe  length  of  the  body  lod  does  not  increase  during 
development  from  the  2pl  through  Ihe  8pl  stage  (Fig.  16).  This  indicates  that  during 


approximately  160pm  to  about  560pm  This  increase  is  mirrored  in  measurements  of  the 
length  of  Ihe  postoml  skeletal  rods  which  increased  &om  approximately  17Dpm  to  660pm 
(Fig.  13).  The  skeletal  rods  arc  longer  than  the  arms,  because  the  basesof  Ihe  skeletal 
rods  are  within  the  body  (Fig.  I). 

The  length  of  (he  second  pair  of  arms.  Ihe  anierolalerais.  does  not  increase  as 

2 days  of  age  (early  4pl)  to  about  I60pmal  9 days.  The  anterolateral  arm  rods  increase 
from  about  170pm  to  480pm  during  the  same  lime  period  (Fig-  13).  The  length  of  the 
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The  posterodorsal  arms  increase  inlenglh  fromabom  70jim  lo  340tun  and  only 
reach  approximately  6054  of  Ihe  length  of  the  postoral  arms.  Motlensen  (1921)  also 
reponed  that  the  poaerodorsal  arms  of  L variegoius  are  shorter  than  the  postoral  arms. 
The  posterodorsal  arm  rods  increased  from  ahom  dOpm  to  380pm  (Fig.  1 3). 

The  preoral  arms  grew  from  ^ut  60pm  to  llOpmand  their  skeletal  rods  did  not 
closely  follow  their  growth  hecaiise  much  of  the  dorsal  arch  b within  the  oral  hood  and 
the  dorsal  arch  begins  forming  long  belbre  the  preoml  arms  are  visible.  The  preoral  atm 
rods  increased  from  10pm  to  400pm  during  development  (Fig.  13). 

Comparisons  of  Growth  and  Form  amona  Four  Snecies 

Morphometric  studies  of  larval  growth  and  developmem  have  been  done  on  three 
other  species  of  urchins.  All  of  these  species;  DendrasUr  excentricui. 
Sirongylocenmuaspurpuralus  and  S<roag^loccnlrolus  drosbaehiemh  (McEdward,  1984. 
1986a,  b)  are  cold  temperate  urchins.  In  each  ofthese  studies,  as  in  the  present  one, 

morphometric  measurements  were  done  using  the  same  techniques  (McEdward.  1984). 
Comparisons  may  help  identify  what  aspects  of  larval  growth  and  development  are 
common  to  most  sea  urchins,  perhaps  illuminate  the  diversification  ofcchinoid  larvae, 
and  will  provide  a basb  for  liilure  studies  across  ta.xa  within  the  echinoids. 
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urchins  {Lymhinus  and  the  two  stroi^yiocemroiids)  are  in  the  order  Echinoida  and  one 
(i^ruhjjfer)  is  in  the  order  Clypeasteroidea  (Smith,  198d).  DevetopmenI  rate,  larval  site 
and  larval  shape  are  relalcd  to  ^ size  (Sinervo  £ McEdward,  1988;  Herrera  er  a/.. 

1996).  The  diameters  ofthe  eggs  ofeach  species  are:  5.  purpnrarur  80pm,  L variegaius 
1 10  pm,  a exrenfn'ou  125pm,  and  ,9.  ilroebachirnsis  I50pm  (Mazur  & Miller,  1971; 
McEdwnrd,  1986a;  Chapter  4),  /.ysechrmts  vor/egumr  is  a tmpical^subtropical  echinoid 
&om  the  Gulf  of  Mexico  and  Caribbean.  Diflcrencea  indevebpment  belweeof. 
variegaius  and  the  other  three  species  could  be  due  to  temperature  or  seasonality  between 
their  native  locales. 

Total  development  time  is  influenced  by  temperature  (McEdward,  1985a).  L 
variegaruT  developed  much  more  rapidly  than  did  the  other  three  species  (McEdward, 
1986b).  This  difference  may  be  due  to  environmental  conditions  rather  than  phylogeny 
or  egg  size.  There  are  five  phases  in  the  larval  development  ofechinoplutel.  The  first 
phase  includes  the  period  from  fenilizalbn  until  the  larva  is  able  to  feed  (usually  the  2pl 
or  4pl  stage).  The  second  phase  is  the  period  ofarm  formation  from  the  2pl  to  the  fully 
formed  8pl  stage.  After  the  8-armed  body  form  is  attained,  there  is  a period  of  arm 
elongationfsensuMcEdward,  1984).  This  is  the  third  phase.  The  fourth  phase  is  the 
period  during  which  the  juvenile  rudiment  is  completed  and  melamorphic  competency  is 
attained.  The  larval  arms  continue  to  elongate  during  the  fourth  phase.  Finally,  there  is  a 
fifth  phase  during  which  larvae  are  consent  to  metamorphose  but  may  delay 
metamorphosis.  During  the  final  phase,  the  juvenile  rudiment  may  increase  in  size 
(Chapter!).  The  first  two  phases  of  larval  devebpmenl  combined  may  be  considered  to 


be  ibe  period  of  formation  of  the  larval  body,  as  in  the  work  of  McEdward  (I9S4X  The 
duration  of  the  period  of  larval  body  formation  compared  to  the  duration  of  the  time  of 
rudiment  formation  is  very  similar  in  all  ofthese  species  with  the  exception  of£ 
ifrocbocAiewtu  (McEdward  & Herrera,  in  pteas).  In  the  other  three  species  the  period  of 
larval  body  formation  isS8-66K  of  the  total  time  from  fertilization  to  formation  of  the 
rudiment-  ln,S  rfrociocA/eru/s  relative  lime  to  form  the  rudiment  is  very  rapid,  and  the 
formation  ofthe  larval  body  comprises  ii%  of  the  time  from  fertilization  to  metamoiphic 
competency.  This  difference  is  probably  due  to  the  large  egg  size  found  in  this  species, 
providif^  more  endogenous  reserves  and  an  increased  capability  for  acquiring  reserves 
via  focultaiive  feeding  (Chapter  4).  for  the  relatively  rapid  formation  ofthe  rudiment. 
Larval  size 

The  larvae  of  the  clypcosteroid  D.  exceniriais  are  smaller  than  the  larvae  ofthe 
other  three  species.  Sand  dollars  often  have  smaller  larvae  with  less  elaborate  bodies, 
lacking  the  body  lobes  and  attendant  convolutions  of  the  ciliated  band  seen  in  L 
variegaitis  larvae  (Chapter  4),  Ciliated  band  length  and  total  length  ofthe  arms  are 
similar  between  f>.  exrentrtrtcr  and  L.  variegaius.  They  are  also  similar  between  the  two 
strongylecenlrolidsbut  differ  between  the  two  groups.  TTiis  difference  is  not  related  to 
egg  size  or  an  environmental  condition  such  as  temperature  but  could  illustrate  a feature 
that  is  specific  to  the  sirongylocenlroiids  (McEdward  i Herrera,  in  press).  An  altcmativc 
hypothesis  is  that  a larger  larval  size  and  longer  ciliated  band  and  total  arm  lengths  may 
all  be  characteristic  ofthe  Echinoidn.  but  not  all  ofthese  characteristics  are  preserved  in 
L vflriegjtujbeeausegrowihoflhc  larval  body,  including  arm  growth  which  affects 
ciliated  band  length,  appears  to  slow  sigtiincantly  during  rudiment  formation  in  this 


^^ecies.  niis  phenomenon  does  not  appear  to  be  i 


apparent  in  other  subtropical  species  {pees.  obs.).  but  more  work  is  needed  on  other 
subtropical  members  of  the  Echinoida. 

Larval  Shane 

Thecilialed  hand  to  body  length  ratio,  an  indicator  of  body  shape,  s higher  in 
larvae  o/f.  voriegotnt  throughout  development  of  the  larval  body,  indicating  that  these 
larvae  have  a more  complex  shape  than  the  larvae  of  the  other  three  ^ica.  This 
diRerence  may  be  due  to  phytogeoy.  Lylechinus  variegatus  is  a toxopneuslid,  a group 
whreh  is  ehareclerized  by  a number  of  elaborate  lobes  which  increase  the  length  of  the 

1992). 

Another  indication  of  larval  shape  is  the  pcrccntsge  of  ciliated  hand  on  the  arms. 
From  the  4pl  through  the  8R  stage  all  fbur  species  had  similar  percenlogcs  ofcilialcd 
band  found  on  the  arms  (60-70%).  This  percentage  may  be  a common  feature  among 
species.  In  the strongyloccnirotids  there  are  no  data  on  whicharms  account  for  most  of 
the  elaboration  of  the  ciliated  band,  but  data  on  the  other  two  species  show  that  the  arms 
which  are  responsible  for  most  of  the  ciliated  band,  and  thus  the  feeding  capability  of  the 
larvae,  differ  between  L variegaius  and  D.  excemricus.  In  D.  excemriaa  the 
posierodorails  are  the  longest  arm  at  the  8R  stage,  while  in  L vcriigalus  the  postorals 
contribute  most  to  the  length  of  (be  ciliated  band.  This  difference  may  indicate  a 
ftindamemal  design  difference  between  larvae  of  the  Echinoida  and  the  Clyperasteroida. 
However,  L variigaius  is  known  to  have  unusually  short  posterodoral  arms  in 
comparison  to  the  length  of  the  postoral  arms  and  this  may  be  a family  or  species 


' than  a finiuj 


70 

urecommontolheeniircorder(Monensen,  1921).  In 

Clypeaseroida  in  that  ihe  larval  arms  of  ihe  loner  seem  to  grow  rapidly  between  the  8- 
arroed  and  8-anned/wiih  rudiinem  stages,  while  the  growth  of  the  larval  arms  in  the 
Echitioida  slow*  in  the  final  larval  stages  (McEdward,  1984;  McEdward  & Herrera,  in 

band  length  to  body  length  ratios  durbg  overaU  development,  but  larvae  o/D. 

Kfenm/enj  experienced  a large  proportion  of  that  increase  during  rudiment  formation 
due  to  continued  rapid  clongalion  of  the  postoral  and  poslerodorsal  onns  (McEdward. 
1984). 

AlbmehYoflarval  erowlh 

Inechinoplutcutheabiliiy  to  capture  food  is  limited  by  the  length  of  Ihe  ciliated 
band  (Straihmann.  1971;  Slraihmann  er  of.,  1972).  This  feeding  structure  is  linear  while 
Ihe  body  of  the  larva  grows  in  three  dimensions.  In  order  to  increase  feeding  ability  the 
larva  must  grow  a longer  ciliated  band  in  relation  to  its  body  length.  Changes  in  larval 
body  shape  allow  positive  allomclric  growth  of  the  ciliated  band.  In  this  way  larvae  are 
able  to  increase  their  linear  feeding  structure  in  proportion  to  cubic  increases  In  body  size 
(McEdward.  1984).  These  species  comparisons  show  that  in  all  four  species  studied  to 
dale,  a similar  amount  (between  76  - 86%)  of  the  increase  in  ciliated  band  length  is  due  to 
larval  shape  changes.  Allomeiric  growth  isa  common  characteristic  of  echinopluiei 
(McEdward  & Herrera,  in  press). 


01  for  most  of  tbe  shape 


changes  that  occur  during  the  8-armcd  stage  (8pl-8R)  (McEdward,  1 984).  L varlegaius 
larvae  also  continue  to  change  shape  during  the  8-armed  stage.  All  of  the  arms,  except 

the  anlerolalerals,  increase  in  length  during  the  8-armcd  stage.  Tbe  postoral  arms  show 
po5itiveal!ometricgrowthof3244  (McEdward  i Herrera,  In  press).  The  posterodorsal 
and  preoral  arms  accounted  for  most  of  the  shape  change  with  percentages  ofallomelric 
growth  of  84%  and  88%  (McEdward  & Herrera,  in  press).  Although  diHerent  arm  pairs 
account  for  most  of  the  increase  in  tbe  cdiated  band  between  these  two  species,  they  both 
demonstrate  the  same  general  partem  of  larval  shape  changes  which  result  in  increased 
feeding  ability  and  allow  a linear  structure  to  support  body  growth. 

These  findings  on  larval  growth  and  development  in  L variegaius.  m addition  to 
previous  studies  of  three  other  species  illustiale  son*  common  features  of  growth  and 
Ibrminechinord  larvae,  regardless  of  phylogcny  or  geography.  One  imponani  feature  is 
that  the  ciliated  band  feeding  structure  grows  relative  to  body  size  in  a similar  way  and  by 
similar  means.  The  length  of  the  ciliated  band  inctea.ses  relative  to  the  length  ofthe 
body  throughout  development  through  all  ofthe  larval  stages.  This  is  accomplished  by 
the  development  and  elongation  of  four  pairs  of  larval  arms.  In  each  ofthe  four  species 
compared,  there  is  a similar  percentage  ofthe  ciliated  band  feeding  structure  found  on  the 
larval  anus.  There  might  be  interordinal  differences  in  which  pairs  of  arms  account  for 
most  ofthe  change  in  shape,  the  increase  in  length  ofthe  ciliated  band,  and  the  timing  of 
elongalion  ofthe  larval  arms.  The  Clypeasteroida  grow  more  during  the  period  of 
rudiment  formation  than  do  the  Echinoida.  The  Echinoida  complete  roost  of  their  growth 
during  the  phases  of  larva!  arm  formalioa 
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Larvae  of  the  sutaropicai  echiiioid  L vor/e^rw  differ  from  the  three  cold 
temperate  species  in  that  they  progress  very  rapidly  through  development  (9-1 1 days), 
and  have  a more  complex  body  shape  throughout  their  development  with  many  elaborate 
ciliated  lobes.  Another  difference  is  that  L varitgaius  larvae  exhibit  very  lirtle  growth 
during  the  formation  of  the  rudiment.  The  comparison  of  these  studies  illuminates  some 
of  the  common  features  of  and  the  differences  in  larval  growth  in  echboplutei. 

required  to  reach  metamorphosis,  as  well  as  influencing  the  morphology  ofthe  larval 
body.  Larvae  fed  R.  lens  had  shorter  arms  at  each  stage  during  larval  development 
(except  8R)  and  reached  metamorphosis  sooner  than  did  larvae  fed  D.  lenioleaa. 

Starved  larvae  had  longer  posioral  arms  at  the  2pl  stage  and  longer  ALA  arms  at  the  4pl 
stage  than  did  fed  larvae.  These  findings  support  the  hypothesis  that  high  levels  of 

endogenous  reserves,  and  might  mimic  an  evolutionary  increase  in  egg  size  (Slrathmann 
era/..  1992). 

veligers  (Jespersen  £ Olsen.  1982).  Plastic  responses  to  limited  food  have  also  been 
observed  in  these  larvae  (Slialhmann  el  a/,  1993;  Padilla,  pers.  comm.).  While 
echinopluici  increase  ihe  length  ofthe  ciliated  band  to  increase  feeding  capahility, 
veligers  increase  both  ihe  length  of  the  ciliated  band  and  the  length  ofthe  prototrochal 
cilia  (Strathmann.  eroA,  1993),  Veligers  arc  able  to  increase  feeding  by  increasing  the 
length  oflhese  cilia  because  they  catch  particles  using  a downstream  ciliary  stroke,  rather 
than  by  reversal  of ciliary  beat  (Slrathmann.  eial.  1972). 


echinopluieu  in  lhal  il  isa  single  band  bul  they  do  not  feed  on  downsiream  partick 
alocalized  reversal  of  ciliary  beat  (Stralhmann&McEdwnrd,  1986).  Incyphonau 

length  of  ibc  feeding  slmclnrc  increases  isometrkally  in  relation  to  their  body  size. 

thus  have  tow  clearance  rates  for  their  size  (McEdwnrd  & Slmihinann.  1987).  The' 

stages  (McEdward  & Strathmann,  1987).  No  mechanism  has  been  discovered  by  w 
they  might  be  able  to  increase  their  tatahe  of  food  particles.  Their  development  tim 
not  thought  to  be  extraordinarily  long  (McEdward  & Strathmann.  1987).  ItispossibI 
that  cyphonautes  do  not  require  as  much  energy  to  reach  metamorphosis  as  do 


Similarities  and  differences  among  echinoplutei  from  different  regions,  amo 
echinopluteiofthe  Echinoida  and  Clypcastcroida.  among  larvae  Irom  diverse  taxa 
similar  feeding  mechanisms,  and  those  with  different  feeding  mechanisms,  are 
functionally  important.  More  work  is  needed  among  these  taxa.  and  others,  within 
phylogenetic  framework  to  determine  the  generality  of  these  results  and  the  implic 
of  these  findings  to  the  study  of  larval  ecology  and  lifehisto 


CHAPTER  4 

DIVERSITY  OF  NUTRITIONAL  STRATEGIES  AMONG  ECHINOID  LARVAE  AND 
THE  TRANSITION  FROM  FEEDING  TO  NONFEEDING  DEVELOPMENT 


Hislorical  Backeround 

In  Ihe  post,  ihere  have  been  Iwo  commonly  recognized  and  contrasling  types  of 
pelagic  larval  devebpmeni  plankiolrophy  (feeding)  and  leciiboirophy  (nonfceding)  in  the 
approximately  30  phyla  of  marine  benthic  invenebrales  (Thoraon,  1 950;  MUeikovsky, 
1971; Cilia,  1974;  Orahamc&  Branch,  1985; Jablonski & Lulz,  1983;  Levin*  Bridges, 
1995),  Species  with  planktolropNc  developmcni  werethoiighl  lo  panition  reproductive 

dependence  on  feeding.  These  larvae  v.ere  thought  to  spend  a relatively  long  pelagic 
period  feeding  on  phyioplanklon.  These  species  would  gain  the  advantage  of  increased 
feeundiiy  and  the  ability  to  use  larval  food  sources  in  the  plankton  (Slraihmann,  1985; 
Rumrill,  1 990;  Wray*  Raff,  1991). 

Species  with  pelagic  lecilhotrophlc  development  produce  fewer  eggs  per  unit  of 
energy  devoted  lo  reproduction.  Species  with  lechithotrophic  developmcni  were 
characterized  by  large  yolky  larvae  which  lack  ferrding  structures,  spend  a shorter  lime  in 
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the  plankton,  and  ore  not  able  10  feed  (for  review  see  Day*  McEdward,  1984;  Levin* 
Bridges,  1995). 

These  deselopmeotal  inodes,  planklolrophy  (feeding)  and  leeichoirophy 
(nonfceding)  are  correbied  with  egg  size-  Eggs  that  develop  into  feeding  larvae  are 
smaller  and  contain  -1000  times  less  energy  than  eggs  that  develop  into  nonfeeding  larvae 
(Slraihmann  & Vedder.  1977;  Turner  & Lawrence,  1979;  McClinlock*  Pearse.1986; 
MoEdwnrd.  1991;  MoEdward  & Chia,  1 99 1 ; Eckelbarger,  1994).  For  example,  in 
echinoid  and  asteroid  echinoderms,  small  eggs  (60-220pra  diameter  = 0-ll-5.58pl 
volume)  contain  I. l39-9-503xlO-3  joules  egg-'  (MoEdward,  1991)  and  develop  into 
feeding  larvae.  Larger  eggs  (>350|ira  diameter  > 22.45pl  volume)  contain  2.6  Joules 
egg-1  (McEdward,  1991)  and  develop  mto  nonfeeding  larvae  (Emlel  era/..  1987;  Emlet, 
1990).  In  species  which  Iree^wn,  and  do  not  provide  parental  care,  the  contents  of  the 
egg  are  the  entire  maternal  investment.  In  these  species,  it  is  assumed  that  egg  energy 
content  determines  fitness  by  influencing  larval  traits  that  alTect  survival  during  the  pelagic 
period  (e.g..  Vance,  1973a,  b;  Christiansen  and  FencheL  1979;  Slraihmann,  1985; 
Havenhand,  1995;  McEdward,  1997). 

larva  in  place  (Jlgeisien,  1972;  Slraihmann.  R.R.,  1978b,  1987.  1993).  This  is  the  most 
parsimonious  explanation  for  the  sharing  of  the  single  band  feeding  structure  in  the 
entcropneust  hemichordales,  echinoderms.  and  the  lophophoratc  phyla  (Sirathmann, 

1978b,  1987, 1993).  Thus,  planktonic  feeding  larvae  would  seem  to  be  the  pleisiomorphic 

(Straihmann.  1978b,  1993;  Ghiselm,  1987;  Bridges.  1993;  Wray,  1 995;  Levin  & Bridges, 
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I99S).  It  hss  been  suggested  that  when  larval  Taod  sources  are  scarce  h is  advantageous 
for  species  to  produce  nonfeedlcg  larvae,  and  wtieo  food  is  abundant  it  is  advantageous  to 

have  feeding  larval  forms  (Vance,  1973a,  biSlrathmann.  1978b;  Wray  4 Raff  1991).  The 

basic  feeding  larval  fbnn  is  morphologically  complex  and  exhibits  some  structural  change 
with  changes  in  egg  size  (e.g.,  SinervoA  McEdward,  1988),  but  only  undergoes  extensive 
morphological  simplification  during  the  transition  to  a nonfeeding  larval  form  (Strathmann, 
R.R.,  1987;  Wray  & Raff  1991).  The  presence  of  vestigial  structures  in  some  nonfeeding 
larval  forms  b evidence  that  nonfeeding  forms  have  evolved  from  feeding  forms  (Okazaki, 
1975;Hendler,  1982;  Raff  era/.,  1987;  Parks  er  a/.,  1 989;  Amemiya  & Emlci,  1992; 
Oboneraf.,  1993). 

Iraditional  Life  History  Models 

The  advantages  and  disadvantages  of  producing  a large  number  of  small, 
energetically  inexpensive  eggs  versus  those  ofproducbga  few  large,  expensive  eggs  has 
been  repeatedly  modeled  and  analyzed  in  an  aliempt  to  understand  the  marine  invertebrate 
reproductive  slrate^  we  see  ta  natura  (Vance,  1973a,  b;  Strathmann,  1977;  Oiristiansen 
&FencheL  1 979;  Roughgardea  1 989;  see  review  by  Havenhand,  1995).  Vance's  model 
(1973a,  b)  provides  an  ilhisualion  of  the  main  Iheme  of  these  life  history  models  Hb 

efficiency",  which  be  defined  as  the  number  of  larvae  which  settle  and  metamorphose  per 
unit  of  reproductive  energy.  Because  of  the  energetic  costs  of  reproduction  higher 


I ihus  be  favored  by 


reproductive  efficiency  should  correspond  lo  greater  Suiess  and 

Vance's  model  viewed  larval  development  as  two  successive  stages;  prefreding 
(Lt.  fueled  by  reserves  in  the  egg)  and  feeding  (i.e.,  dependent  on  exogenous  food)  (Fig. 

1 7).  The  feeding  period  for  planktotrophic  larvae  begins  as  soon  as  the  feeding  structures 
develop.  Lecithotrophic  larvae  can’t  feed  until  oficr  the  end  oflarval  development.  The 

durationoftheir  larval  feeding  stage  IsaerofFig.  17).  Thus.  planJnolrophy  and 
lecithotrophy  can  be  defined  as  exitemes  in  the  timing  of  the  developmenlal  transition 

The  energy  content  of  Ihe  egg  [r]  is  the  proportion  of  the  amount  of  energy 
required  for  development  lo  metamorphosis.  The  value  of s is  defined  over  the  range  from 

Olo  1.  An  egg  size  with  a value  of  1.0  provides  Ihe  larva  with  enough  energy  to  reach 
raelamorphosis  without  needing  lo  feed.  This  is  lecithotrophy.  All  egg  sizes  with  .r<  1 .0 
do  nol  have  suffieieni  enc^  to  complete  development  to  metamorphosis,  and  require 
some  feeding.  This  suggests  Ihal  there  could  be  a range  of  egg  sizes  and  energetic 

Examining  (he  parameters  of  predation,  fecundity,  and  dcvclopnient  time,  Vance’s 
model  predicted  that  maximum  reproductive  efficiencies  were  for  Ihe  extremes  of  Ihe 
range  Os;r<l-  Thus,  the  two  extremes  in  reproductive  strategy,  con^leicly  feeding 
(planktotrophic)  or  completely  nonfeeding  (lecithotrophic)  development  are  predicted  to 


against. 
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The  relationship  among  < 


examimni  many  times  (Vance,  1973b;  Strathmann,  1977;  Christiansen  & FenebeL  1979; 
Roughgarden,  1989;  Havenhand,  1995).  All  of  these  models  predict  that  there  are  two 
egg  sizes  which  are  favored  by  selecIioR. 

Facultative  Planktoironhv 

A few  species  with  an  intermediate  strategy  have  been  discovered.  They  did  not  fit 
dearly  into  the  two  widely  recognized  nutritional  strategies,  planklotrophy  (feeding)  and 
lecithotrophy  (nonfeeding).  The  larvae  of  these  species  can  eat  and  use  paniculate  food 
bin  they  do  not  need  to  feed  to  reach  metamorphosis.  This  reproductive  suategy  has  been 
described  as  “facultative  planktotrophy”(Chia,  1974;  Kempfit  Hadfield.  1985).  These 
species  are  either  gastropod  molluscs:  Mdalaria  proximo.  (Thompsoa  1958;  Kempf  & 
Todd,  1989),  Phrsiilh  sibogae  (Kempf  & Hadfidd.  1985),  and  Conus  pennaveus  (Perron, 
1981),orechinoidechinoderms:  Clypeosier  rosaceus  {Emkl.  1 986).  and  flr/josrer 
/orr/roni  (Strathmann,  1978a;  Hart,  1996).  and  other  spaiangoids  (heart  urchins). 
Facultative  feeding  also  occurs  in  anomuran  crabs,  caridean  shrimp  (McConaugha.  1985), 
and  at  leasi  one  species  of  toad  (Crump,  1 989),  though  h has  not  be  described  as 
facultative  planklotrophy  in  these  fauna. 

Facultative  planklotrophy  is  a mixiurc  of  traits  6om  the  more  typical  paiiems  of 
larval  nutrition.  Facultative  planklotrophs  have  been  seen  as  an  intermediate  larval  type. 

But  so  few  species  have  been  found  that  have  this  type  of  developmental  pattern  that  it 
appeared  a minor  component  of  the  ecological  diversity  of  larvae.  This  assumption  was 


clivee£Eciency'(Vonce.  1973a).  Imermediaie 


species  were  expected  lo  be  rare. 

These  &euhelive!y  pknlrtolrophic  larvae  arc  functionally  lecltbotrophic  (Herrera  el 
ai,  1996;  McEdward,  1997).  they  can  reach  metamorphosis  using  only  the  energy  stored 
in  the  egg.  yet  they  are  able  to  feed.  Feeding  lecithotrophic  larvae  do  not  fit  the 
traditional  dehnition  of  planktotrophy  or  Icchhotrophy.  Thus  it  is  necessary  lo  distinguish 
between  the  ability  to  feed  and  the  requirement  for  food.  Kempf  and  Todd  ( 1 989)  and 
Herrera  ef  ai,  (1996)  provide  definitions  which  separate  and  describe  these  nutritional 
strategies:  feeding  larvae  = larvae  that  can  capture  and  utilize  exogenous  food;  nonfeeding 
larvae  = larvae  that  cannot  capture  or  utilize  exogenous  food;  planktolrophic  larvae  = 
larvae  that  require  exogenous  food  for  development  to  melamorphosis:  lecithotrophic 

Many  closely  related  species  with  feeding  larvae  often  have  very  different  egg  sizes 
(e.g.,  OypeasKr iubdepressus  [I52pm=  1.84plJandC.  roroeertr  (280pm  ' ll.49pl) 
Emlet.  1 986;  Slrongyho^’U'oius  purpuraua  [85pm  = 0.32pl)  and  S.  dmbachiemis 
(155pm=  1.95pl]Strathmann&  Vedder.  1977).  Thus,  egg  size  is  a life  history 
characierislie  that  can  easily  change.  Selective  pressures  which  may  lead  to  ihe  increase  of 
egg  size  in  species  with  feeding  larvae  probably  include  selection  for  decreased  pelagic 
period  (Strathmann,  1985).  shorter  generation  time  (Havenhand.  1993),  and  higher 


a/.,  1984;  Euilel  & Hoegb-Guldberg,  1997)  c 


meiomorphic  energy  stores.  Because  the  material  necessary  to  build  the  juvenile  is  already 
present  within  the  egg,  pelagic  period  and  generation  lime  are  less  likely  to  be  affected  by 
an  increase  in  egg  size  in  species  with  nonleeding  larvae.  Thus,  some  of  the  selective 
pressures  which  act  to  increase  egg  size  in  species  with  feeding  larval  development,  and 
possibly  lead  to  a transition  feom  feeding  to  nonfeeding  development,  may  not  be  the  same 
pressures  which  lead  to  increases  in  egg  size  after  the  transition  to  nonfeeding  larval 
development  (Wray,  1995). 


intermediate  egg  sizes  (McEdward,  1997).  The  advantages  of  intermediate  egg  sizes  stem 
from  the  ability  of  these  larvae  to  fecullalively  feed  during  the  lime  between  the  onset  of 
feeding  and  the  need  to  feed  (Herrera  etal.,  1996).  More  of  their  larval  development  is 
fueled  by  endogenous  reserves  than  in  species  with  evtreme  plankiotrophy  and  very  small 
egg  sizes.  The  advantages  of  these  intermediate  nutritional  siraiegies  include  less 
susceptibility  to  food  li^ulalio^  rapid  rates  of  development  with  most  oflarval 
development  fueled  by  egg  energy  content,  lower  monab'ty  due  to  rapid  development  and 
metamorphosis  (McEdward,  1997).  McEdward's  model  (1997)  predicts  that  intermediate 
egg  sizes  will  be  favored,  under  a variety  of  feeding  conditions.  Food  is  factored  into  the 
model  as  a percentage  of  the  amount  required  for  the  maximal  rate 
Facultative  Feeding  Model  (McEdward.  1997)  predicts  a higher  re^ 

(%  metamorphs)  for  species  with  intermediate  egg  sizes. 


: ofdcvelopmenl.  The 


btmodal  dis 


■ prediclions  ftom  Vance’s  model  have  been  assumed  lo  be  supported  by  the 
uibulion  of  egg  sizes  among  species  in  many  laxa  (e.g..  echinoids  and 
asteroids,  Emlei  „ ai  ,1987;  bin  nol  moLuscs,  Kohn  and  Perron.  1 994).  The  apparent 
dicbolomyofegg  sizes  in  some  laxa  was  seen  as  empirical  support  of  the  theory  that 
producing  only  very  large  or  very  small  eggs  yields  the  highest  reproductive  efficiency. 

McEdward  (1997)  recognized  that  the  maximum  egg  «ze  treated  by  Vance’s  model  (s=l) 
actually  represents  fccultative  planhlotrophy  (the  threshold  of  lechhotrophy).  Nonfeeding 
larvae  from  very  large  eggs  hill  outside  the  range  treated  by  traditionai  life  history  models. 
Traditional  models  evaluate  only  the  lower  end  of  the  biraodal  distribution,  and  there  is  a 
range  of  nutritional  strategics  within  that  distnbution. 

Intermedkle  Nutritional  Sinnerries 

pallcms  have  been  identified  (Eckert,  1995;  Herreraer  o/„  1996).  These  echinoids  are 
from  the  subtropical  Allanlic  and  Gulf  of  Mexico.  There  had  been  few  sludies  of  larval 
feeding  and  nutrition  on  this  ibuna.  This  study  identifies  a number  ofspecirs  with 
inlerroediate  egg  sizes  and  nuirilional  strategics.  These  strategies  fall  belwcen  exlreme 
plaiditotrophy  and  facultalivc  planklotrofrfiy  (ftinelional  lecilhotrophy).  and  Ihey  arc 
probably  the  resull  ofdifferem  selective  pressuriK  not  accounted  for  by  iradiiional  life 
hisloiy  models.  McEdvrard’s  new  model  (1997)  takes  into  account  the  prefeeding  and 
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The  study  of  subtropical  echinoids  provides  the  empirical  basis  for  the  fecuhative  feeding 
model  and  illuminates  the  need  for  continued  reevalualion  of  life  history  models. 


Eight  qieciesofsea  urchins  were  raised  following  the  methods  presented  in 

Chapter  Two.  TTiese  species  were  Arbacia  punaulma  (Lamarck).  Lytechinus  vartegaiia 
(Lamarck).  Mtllila  quinquiesperfonta  (Lsske),  Clypeasler  subdeprtaus  (Gray).  Encopt 
michellnl  L.  Agassis.  Eneope  aberrans  Martens.  Lmdh  saiespeifarala  (Leske),  and 
Clypeaster  raroeeitf  (Linnaeus).  In  tMs  esperimcnl,  all  larvae  were  raised  al  27’C  and 
were  either  fed  8 cells  pf'  Dunaliella  lertiohcia  or  were  starved.  Larvae  were  tested  for 
metajnorphic  competence  at  the  first  sign  of  rudiment  forraaiion.  and  every  day  thereafter, 
by  exposure  with  40mM  excess  KCI  for  15  minutes  (Cameron  er  o/..  1989).  After 
exposure,  larvae  were  observed  for  metamorphosis  periodically  for  24  hours. 

aypeositr  subdepressus  was  collected  offshore  from  Cedar  Key  Florida 
(28’57'86"N,  83°13  '65'W)  on  September  1 , 1 992.  ClyjKosier  rasaceus  was  collected 
offshore  from  Long  Key,  Florida  on  October  14, 1992.  Leodia  sexiesperforala,  Eneope 
miehellni,  Eneope  oierrons,  and  Mellila  quinqulcsperforaia  were  collected  offshore  from 
Cedar  Key,  Florida  (28'57'30''N,  83’13'02"W)  on  May  1 1, 1993.  LyleeMmis  variegalus 
was  collected  offshore  fiom  Cedar  Key,  Florida  (28‘59’84"N,  83’12'35"W)  on  June  7. 
1993.  Arbacta  punciulala  was  collected  offshore  from  Anclole.  Florida  (28’09-97“N, 
83”02’43'’W)  on  April  16, 1994.  All  species  were  coUected  using  SCUBA  al  depths  of  5 - 
10  meters. 


Egg  energy  content 


g4 

was  delenmoed,  in  collaboralioa  with  E.  Niciu,  for  (be  eggs  of 
A.  punviulaia,  L var/egarus,  and  E.  abemms.  Procedures  followed  (hose  oudined  in 
McEdward  and  Ctoon  (1987). 

Resubs 

Time  to  (he  inhial  leeding  s(age  <4pl)  is  very  ^rt,  for  all  of  the  species  studied 
(Table  5).  Time  (o  (he  4pl  stage  was  not  eorrelarcd  with  egg  size  (Spearman  ri  * 0.0774. 

P <0.05).  Time  to  (he  8p!  stage  was  inversely  related  to  eggsra  (Spearman  r,*  0.64)7.  P 
< 0.001).  Times  for  development  (o  metamorphosis  range  from  3 weeks  for  Arbacia 
punciuloia  10  5 days  for  C.  rosoeeiu  and  are  inversely  related  to  egg  size  (Spearman  r,“ 
0.7120.  P < 0.001).  Juvenile  sizes  range  from  678pm  in  diameter  for^.  puNclulam  (o 

(Spearmanr,  ■ 0.8058. P <0.00l). 

Development  withoui  Feeding 

Arbacia  punciulaia  had  on  egg  diamelcrof76  ± I pm  mid  an  egg  energy  cement 
of  1 .99s  10-’  ± 0.6x10-’  joules  (Table  5).  LyMhima  varlegaivs  had  an  egg  diameter  of 
107  ± 1pm  and  an  egg  energy  content  of  3 J2xl0"’  ± 0.8x10  ’ joules  (Table  5).  The  larvae 
of  both  A.  pmclulaia  and  L variegalus  reached  the  initial  feeding  stage  (4pl)  by  the 
second  day  (Table  5).  Without  feeding,  these  larvae  developed  only  to  the  4pl  stage. 

feeding  stage  (4pl)  in  less  than  1 day  (Table  5).  M.  quinquiesper/oraro  only  to 


III  feeding  (Table  5). 
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Several  specin  have  egg  sizes  greater  Ihmi  ISO  pm.  Clypeasitr  aibdtprtssus'tai 
an  egg  diameter  of  1501 1 pm  and  reached  the  inhial  feeding  stage  (dpi)  b;  the  second  day 
(Tidile  S).  C.  subdepressus  developed  to  the  gpl  stage  by  day  4 without  feeding.  Encope 
abenwishad  an  egg  diameter  ofl89 1 1 pm  and  an  egg  energy  content  of  4.01x10’’ i 
0.9xl0’’joules(Table5).  The  larvae  of £.  aherrons  reoehcd  the  initial  feeding  stage  (4pl) 
by  the  first  day  (Table  5)  and  developed  to  the  Spl  by  day  2.5,  wHbom  feeding.  Encope 
m/cAefinihadaneggdiameter  of  I98±  1pm  and  reached  the  initial  feeding  stage  (4pl)  by 
the  first  day  (Table  5).  The  larvae  of  £.  michellni  developed  to  the  Spl  iy  day  2 without 
feeding.  Leodia  sexhsperforaia  had  an  egg  diameter  of  208  ± Ipm  and  reached  the  initial 
feeding  stage  (4pl)  in  1.5  days  (TaHe  5).  The  larvae  of  i.  sci/esper/bro/ir  developed  to 
the  8pl  by  day  2 without  feeding.  None  of  these  species  reach  metamorphosis  without 
feeding.  C/ypcarrer  rosoccui  had  an  egg  diameter  of  284  ± I pm  and  reached  the  initial 
feeding  stage  (4pl)  ty  the  second  day  (Table  5).  The  larvae  of  C.  /umceicr  developed  to 
the  Spl  by  day  3 and  through  metamorphosis  without  feeding.  Juvenile  size  was  290 1 2 
pm  aable  5). 

D.evelBPnYenl  with  Feeding 

the  same  lime  os  did  their  sibling  larvae  in  starved  treatments.  With  feeding,  the  larvae  of 
A,  punciuhia  reached  the  8pl  stage  by  day  6-8  and  melamorphic  competency  was  reached 
atday  20-21.  Juvenile  size  was  678  ± 3pm.  The  iarvae  of  £.  vorfego/w  were  Spl  by  day 
6,  melamorphic  competency  was  reached  niday  10-12.  and  juvenile  size  was  484 14pm. 


The  larvae  of  M qvimjuiespeiforaia  vim  8pl  hy  2.5,  relancrphic  coti^ietency  was 
resched  at  day  5-7,  and  juvenile  size  was  347  ± 3pm  (Table  5). 

Among  species  with  egg  diamelera  ofl50  pm,  or  more,  with  CMding.  C 
subdtpnssus  reached  meUmorphic  competency  at  day  1 1 and  juvenile  ria  was  295  ± 
3pra(Table5).  £ ohcrruni  reached  melamotphic  competency  at  day  5-7  and  juvenDe 
size  was  28 1 ± 3pm.  £ mieheUn!  reached  metaraorphic  competency  at  day  9 and  juvenile 
size  was  306  ± 3pm  (Table  5).  L sexiesperforata  reached  metamorphic  competency  at 
day  6-7  and  juvenDe  size  was  258  ± 3pm  (Table  5). 


These  studies  on  subtropical  echinolds  (mostly  clypeasieroids)  have  revealed  a 

diversity  of  energetic  strategies,  and  a range  of egg  diameters  (Table  5).  The  egg 
diameters  for  these  species  range  from  76  to  284pm.  The  eggs  ofGypearrerrtwflcei/r 
(284pm  diameter)  contain  -1 0 times  more  energy  than  the  eggs  of  Arbacia  punclulaia 
(76pm  diameter)  and  iy/eehimu  voHego/iir  (I07pmdiameler).  In  those  species 

(Harvey,  1956;  Mazur  & Miller,  1971;  Caldwell,  1972;Emlel,  1986;  Eckert,  1995; 

ieor/io  .terierpeiybro/o  (reported  egg  sizes  ranging  from  164pm  (Emlel,  pets,  comm.)  to 
26Dpm  [Crozier,  1918  as  died  in  Emlel  er  of.  1987]  in  diameter).  Crozier's 
measurements  may  have  included  the  egg  jelly  enat. 

Time  to  the  initial  feeding  stage  (4pl)  is  very  short,  only  1 to  2 days,  for  all  of  the 
species  studied  (Table  5)  and  was  not  correlated  with  egg  size.  Time  to  the  fuLy 


s.  and  Leodia).  with  c 
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Cfypeasler  rosactus.  and  leotfia).  with  egg  sizes  from  1 10[imlo  284|im.  However,  for 
the  regular  urchins  (/irfcocio  and  £>/eeAiniu)  with  egg  sizes  of  76  attd  107fun,  the  lime  to 
ihe  folly  developed  8pl  b longer  (Table  5).  Time  to  the  8pl  stage  was  inversely  related  to 


As  egg  size  increases,  lime  to  metamorpho^  and  juvenile  size  decrease  (Table  6). 
Times  for  development  to  mclamorphosb  range  from  3 weeks  for  Arbacia  punciulala  to  5 
days  for  C rosactus  and  are  inversely  related  to  egg  size.  Juvenile  sizes  range  from 
678pm  in  diameter  for  A.  pimeiulaia  to  260pm  diameter  for  L sexiespeiforoia  and  again, 
are  inversely  relaled  to  egg  size  (Table  6).  The  time  to  metamorphosb  and  Juvenile  size 

(Harvey,  I956j,  iysech/mu  [Mazur  & MiLer,  I97i],  Clypeasier  subdtpressus  [Emitl. 
1986]).  These  previous  studies  were  carried  out  under  various  temperature  and  culturing 
regimes,  used  different  species  and  combinations  of  food  organisms,  and  probably  bekeda 
common  criterion  for  timing  the  induction  of  metamorphosb.  A common  set  of 
temperature,  feeding,  and  culturing  conditions  (Table  5),  in  combination  with  consblenl 
criteria  and  methods  for  the  induction  of  metamorphosis,  allows  a more  relbble 
comparison  of  growth  and  development  in  these  eight  species  of  echinoids.  Previous 

metamoiphosb  and/or  juvenile  size  data  for  some  species  {Mellila  quinquiesperforata 
[Caldwell,  1 972J.  £ncopc  m/cAeliVil  [Eckert,  I99SJ.  and  C/ypeasrerro.MCCiti  [Emlel, 
1986)). 
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Larvae  of  species  whh  larger  eggs  (5150  pm  diameter)  (C/>peawer  subdepressus. 
C.  rasaceus.  Eneope  mlchelM,  E.  abemns,  and  Leodia  sexlespeiforaia)  are  less 
dependent  on  enogenous  food.  In  these  species,  later  stages  of  larval  development  can  be 
reached  without  feeding  (Table  5),  In  species  with  smaller  eggs  (SI  10pm  diaraeler)  the 
developmental  stage  which  can  be  reached  without  exogenous  feeding  ranges  from  the  4pl 
stage  hrArbaciapunclulaia  and  Lyitchinus  variegalus.  to  the  6pl  stage  for  Mellila 
qulnquiesperforoia.  In  subtropical  clypeasteroid  larvae  with  egg  sires  at  or  exceeding 
150pm  in  diameter  (e-g.,  L sexiesperforala,  C.  subdepressus)  the  8pl  stage  is  reached, 
without  feeding.  In  Clypeaner  rasaceus.  with  an  egg  diameter  of  284pm.  the  juvenile 
rudiment  is  formed  without  feeding.  All  of  these  echinoid  species,  except  C.  rosneeuj, 
require  food  to  build  the  juvenile  rudiment  and  metamorphose. 

The  dcvelopmem  of  species  with  feeding  larvae  has  been  divided  bto  two 
sequential  stages:  prefeeding  and  feeding  (Vance,  1973a;  Slrathmann,  1985;  Havenhand, 
1995).  The  division  between  the  prefeeding  and  feeding  stages  is  marked  by  the  onset  of 
larval  feeding  activity  (Fig.  17).  Echinoids  with  planktotrophic  development  have  a 
relatively  short  prefeeding  period  during  which  they  are  obiigately  lecithotrophic  and 
utilize  endogenous  nutrient  reserves  from  the  egg  to  build  the  initial  larval  stage.  The 
construction  of  larval  feeding  structures,  such  as  cLiated  bands  and  a digestive  :^cm. 

suspended  food  particles.  Lack  of  food  results  prevents  further  development  (addition  of 


larval  arms)  and ; 


No  echinoid  ^ies  is  known  in  which  the  larva  has  to  feed  as  soon  as  it  is  able  to 
feed-  However,  many  species  do  need  to  feed  within  a day  or  two  of  developing  the 
ability  to  feed.  Relative  to  the  total  feeding  period,  from  the  initial  feeding  stage  to 
metamorphosis,  the  ability  to  capture  food  is  nearly  coincident  with  the  need  to  utilise 
feed  in  most  echinoids(Fenatixefo/,.  1988;  McEdward  4 Herrera,  in  press).  In  contrast, 
there  is  a diversity  ofnutrhionai  strategies  among  subtropical  echinoids.  In  this  fetina 
there  is  a dissociation  of  the  two  aspects  that  comprise  the  "onset  of  feeding"  (Fig.  18) 
(Herrera  er  at..  1996).  Among  ^jecies  with  feeding  development,  the  larvae  are  able  to 
feed  by  the  early  4pl  stage.  But  there  is  a range  of  stages  at  which  larvae  become 
dependent  on  exogenous  food  (Fig.  1 8),  and  the  degree  of  dependence  is  correlated  with 
the  amount  of  endogenous  reserves  in  the  egg  (Table  5)  (Herrera  e/  al,  1996). 

Arbacia punclulaa  is  an  extreme  obligate  plankioiroph,  which  does  not  develop 
beyond  the  4pl  stage  without  feeding.  Millila  puinqultsperforala  can  develop  to  the  6pl 
larval  stage  before  it  needs  to  feed  (McEdward  & George,  in  prep.,  Chapter  5).  However, 
development  cannot  proceed  beyond  the4pl  stage  in  Ihis  ^cies.  if  Ihe  amount  of 
endogenous  reserv  es  is  experimentally  reduced  by  half  (Chapter  5).  Clypeasur 
subdepressus,  Leodia  saiesptrfarala.  Encope  michelini  and  Encope  aberrans  all  develop 
to  the  8pl  larval  slage  wiihoul  feeding,  even  though  they  are  able  to  feed  at  Ibe4pl  stage 
(Fig,  18.  Table  5).  All  oflhese  species  arc  obligate  planktotrophs  and  must  feed  to  reach 
metamorphosis,  but  they  differ  in  Ihe  degree  of  dependence  on  exogenous  feeding. 

through  metamorphosis  with  only  3 days  of  feeding  at  any  time  during  larval  development 
(Eckert,  1995).  Qvpeuster  rosaccitr  can  feed  at  the  4pl  larval  stage,  but  con  complete 
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larval  dcvelopti 


ugh  melamorphosis  without  feeduig.  C. 


the  same  stage  as  all  other  plauktolrophic  echinoid  larvae,  but  never  needs  to  feed  (Fig. 
IS).  It  Is  the  only  species  in  this  study  that  fits  the  definition  of  "fecultative 
plankiotrophy".  C.  rosaceus  represents  the  extreme  dissociation  of  the  ability  to  feed  and 
the  need  to  feed  and  tuu  a functionally  lecithotrophic  pattern  ofdevelopiTient.  This  range 
of  nutritional  strategies  reveals  that  lecithotrophy  and  plonktotrophy  are  ertds  of  a 
continuum  of  energetic  strategies  and  should  not  be  considered  as  fiindrunenrally  difierent 
nutrilioRalpottenis  (Herrera  e/fl/.,  1 996;  McEdward  & Janies.  1997;  McEdward,  1997). 

In  Lyuchima  variegalus.  a species  whh  a small  egg  diameter  (1 1 0pm).  Wgher 
levels  of  exogenous  food  allow  the  larvae  ro  teach  metamorphosis  sooner  than  do  sibling 
larvae  fed  lower  levels  of  food.  However,  juvenile  size  does  not  appear  to  be  tdfectod 
(Chapter  2).  In  Clypeasler  rosaceus,  a species  with  a larger  egg  (284pm),  feeding  allows 

metamorphosis  (Emlel,  1986).  There  may  be  a minimum  amount  of  time  necessary  to 
build  the  juvenile  rudiment,  and  thus  in  species  near  the  threshold  to  lecithotrophy.  with 
short  development  limes,  excess  external  food  does  not  shorten  developmenl  lime  (unher, 
but  rather  is  utilized  to  increase  the  size  of  the  rudimenL  In  nonfeedlng  species,  as  egg 
size  increases,  development  time  Is  not  dionencd  (McEdward,  1997)  by  the  presence  of 
excess  endogenous  resources,  rather  the  tcsullani  juvenile  is  larger  (Emlct  el  a!..  1 987), 
and  presumed  to  be  of  higher  quality  (McEdward,  1997).  These  diffeccnccs  in  growth  and 
devetopmcnl  suggest  that  there  are  different  responses  and  tradeoffs  among  species 
employing  different  energetic  strategies.  Larval  nutritional  strategics  depend  on  the  level 
ofmaleroa!  investment  available  within  the  egg.  Extreme  planktotrophs  gain  the 


mages  of  increased  fecundity,  obligate  planktoirophs  with  larger  egg  sizes  are  much 


less  dependent  on  early  feeding,  some  species  have  very  rapid  development  times,  and  h 
has  been  hypothesized  that  they  have  the  advantage  of  an  iocreased  aiality  to  delay 
mctamoiphosis  (Havenhand,  1995).  Facultative  planktottophs  (functional  leclthotrophs) 
have  the  advantages  of  insusceptibility  to  starvation,  very  rapid  development  limes,  and 
increased  juvenile  sizes  with  feeding.  Nonfeedbg  lecilhotrophic  larvae  have  rapid 
development  times  and  can  utilize  excess  endogenous  reserves  to  produce  large  juveniles 
without  feeding. 

Seveial  studies  have  been  conducted  manipulating  (via  blastomere  sepaiatbns)  the 
level  of  endogenous  food  available  to  the  developing  larvae,  and  these  studies  reveal  that 
reduced  egg  size  can  change  the  stage  of  larval  development  that  can  be  attained  with 
endogenous  reserves  alone  (Chapters  5 and  6;  Herrera,  1995;  McWeeney.  Herrera.  & 
McEdward,  in  prep.).  This  Indicates  a direct  linh  between  the  level  of  parcnial  investment 
and  the  degree  of  dependence  on  exogenous  food. 

Species  with  intermediale  energetic  strategics  are  thought  to  represent 
evolutionary  transitions  between  planklolrophy  and  lecithotrophy  (Emlel,  1 986;  Eckert. 
1995;  Herrera  wo/.,  1996).  As  egg  size  increases,  a fiinciionai  threshold  to  lecithotrophy 
may  be  crossed  (Fig.  18)  (Herrera  e/ a/.,  1996).  These  larvae  are  lecilhotrophic.  but  they 
retain  feeding  structure  and  capability.  The  morphological  dilTccenccs  observed  between 
feeding  and  nonCreding  larvae  would  require  changes  in  moiphogcncsis  (McEdward  & 
Janies,  1 997),  and  once  complex  larval  feeding  structures  are  lost,  they  probably  cannot  be 
re-evolved  (Siniihmann.  1 978b;  McEdward  & Janies,  1 997). 


There  is  greaier  divert  of  nutrhionaJ  strategies  than  hss  been  previously 
recogitized.  Differences  iit  egg  energy  conieois  (maternal  investment)  determine  bow 
muchestemal  food  is  required  to  con^lele  larval  development  and  melainarphose.  There 
is  a conliituum  of  nutritional  strategies  between  extreme  obligate  pianktolrophy  and 
functional  lecilhotrophy  (facultative  planktotrophy)  (Herrera  et  al.,  1 996;  McEdward  & 
Janies,  1997).  This  study  supports  the  hypothesis  that  the  ecological  change  between 
planktotrophy  and  lecithotrophy  might  be  easily  accomplished  by  a relatively  slight 
increase  in  egg  size,  and  that  unlike  the  extertsive  morphological  changes  usually 
associated  with  the  transition  from  feeding  to  nonfeeding  development,  the  ecological 
transition  6om  planktotrophy  to  lecithotrophy  might  be  easily  revetsed  (Heireia  el  a!., 
1996:  McEdward  & Janies,  1997). 

In  contrast  to  traditional  interpretations  and  predictions  from  life  htooty  theory, 
fricullative  planktotrophy  and  other  intermediate  nutritional  patterns  bi  larvae  could 
potentially  be  important  ecological  strategies.  This  study  provides  ibe  first  empirical  basis 
for  recent  advances  in  life  hislory  theory  (McEdwaid.  1997).  The  diversHy  of  nutritional 
strategies,  identified  in  the  species  in  this  study,  is  probably  not  limited  to  the  echirtoid 
echinoderms.  Further  studies  in  a range  of  taxa,  recognizing  intermediate  strategies  in 
species  with  relatively  small  eggs  (in  comparison  to  species  with  nonfeeding  development). 


CHAPTER  5 

THE  EFFECT  OF  AN  EXPERIMENTAL  CHANGE  IN  EGG  SIZE  ON  LARVAE  OF 
THE  SAND  DOLLAR  MEUtTA  QUINQUIESPERFORATA 

Introduction 

Egg  size  isBcenlral  trail  in  the  ecology  and  evolution  of  marine  invertebrate  life 
histories  (Sinervo  and  McEdward,  1988).  In  the  past,  many  fecundily/lime  models  of 
marine  invertebrate  life  histories  have  been  suggesled  as  explanations  for  the  dilTereni 
lifehistoryslralegiesohscrvcd  in  these  animals  (Vance,  1973a.  b.  Christiansen  and 
Fenehel,  1979;  Strathmann,  1985;  Roughgarden.  1989;  McEdward,  1997).  The  main 

offspring  will  determine  the  Elness  ofthosc  offspring.  Echinoids  free  spawn  and  do  not 
provideany  parental  care  to  their  young;  thus  the  endogenous  resources  pockagcd  in  the 

which  hatch  as  planktotrophic  larvae  will  be  small  (Vance.  1973s.  b;  Christiansen  and 
Fcnchcl,  1 979;  Strathmann.  1985;  Roughgarden.  1989).  This  allows  for  the  highest  level 
of  fecundity  possible  by  providing  only  enough  energy  uieacb  egg  for  the  development 
of  the  early  feeding  larval  stage,  yielding  larvae  that  are  obligately  plankloiro[rfiic  very 
early  in  life.  In  fact,  many  planktotrophic  larvae  do  hatch  from  relatively  smell  eggs  (50 
- 1 90pm diameter,  Emlel era/..  1987). 

Among  echinoids.  with  planktotrophic  larvae,  there  Isa  range  of  egg  sizes,  a 
range  of  endogenous  reserves  (0.001-0.02  joules,  Herrera  et  at.  1996;  Emier.  1986), 
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andadiversityonarvalnutrilioraistralegies  (Herrera  a/..  1 996;  Chapter  4).  Some  of 
these  larvae  can  develop  to  later  larval  stages  (6pl,  8pl)  without  feeding  (Eckert,  1995; 
McWeeney,  1995;  Herrera  er  aL,  1996;  McEdward  & George,  In  prep.).  These  species 
have  egg  sizes  that  are  larger  than  required  lor  building  the  initial  feeding  larval  form. 

Endogenous  resources  in  the  egg  can  be  manipulated  with  experimental 
cmbryological  techniques.  Blastomeres  can  be  isolated  at  the  2-celi  stage  yielding  half- 
size eggs.  These  "half-size  eggs"  will  develop  into  normal  larvae  which  are  capable  of 

exogenous  food  (Horstadius,  1939,  1973, 1975;  Harvey,  1940;  Okazaki  and  Elan,  1954; 
Hincgardner,  1975;  Marcus,  1979;  Sinervo  and  McEdward,  1988;  Han,  1996;  Chapter  6). 

In  many  echinoid  species  there  is  more  nutritional  material  in  the  egg  than 
traditional  life  history  models  would  predict  (Emiet  er  ai.  1987;  Herreni  «t  a!..  1996). 
Afelli/o  qii/eqa/ejpe/^orora  was  chosen  for  this  study  because  it  has  an  egg-size  (I  lOpm 
diameter)  which  is  intermediate  within  the  rai^  of  egg-sizes  (50-190um  diameter,  Emiet 
Hal..  1987)  among  ^cies  with  planktotrophic  development,  and  because  its  egg 
provides  more  than  enough  energy  to  develop  beyond  the  initial  feeding  larval  stage 
(4pl).  The  larvae  ofK  qulngmerpet^A’roro  can  develop  to  the  6pl  stage  without  feeding 
(McEdward  & George,  in  prep.).  Can  larvae  from  eggs  with  half  the  usual  endogenous 

echinoids  with  the  same  size  {.Lyuchinus  varicgalus)  and  smaller  (Arbacia  punclulala) 
eggs  than  M.  quinqiiiespcrforala  can  reach  only  the  4pl  stage  on  endogenous  reserves 
alone  (Herrera  el  ai,  1 996;  Chapter  4).  Thus,  it  wn.s  hypothesized  that  M. 
quinquiesperforala  larvae  6om  half-size  eggs  would  not  be  able  to  reach  the  6pl  stage 


without  an  exogenous  source  of  paniculate  nutrition,  and  that  they  might  only  be  able  to 
reach  the  4pl  stage  before  they  began  to  deteriorate  and  die. 

The  ability  to  attain  a later  stage  of  development  using  endogenous  resources 

stages  (McEdwatd  1986a,  b).  Growing  mote  arms  increases  the  length  of  tbe  ciliated 

band,  increasing  the  clearance  rate  of  food  particles,  and  this  would  increase  feeding 
success  when  resources  arc  patchy  or  food  concentrations  are  low  (Stiahmann  a al., 
1972). 

Another  means  of  increasing  the  length  of  the  larval  feeding  slnicture  is  to 
increase  the  lengths  of  the  arms.  Larvae  with  longer  arms  do  have  higher  clearance  rates 
compared  to  larvae  with  shorter  aims  (Han  AStiathmann,  1994).  Echinoid  larvae  are 
capable  of  increasing  the  lengths  oftheir  arms  in  response  to  low  food  concentrations 
(Boidron-Meiairon,  1988;  Han  & Scheibling.  1988;  Sirathmann  er  a/.,  1 992;  Fenaux  er 
aU  1994).  This  increase  in  arm  length  Isa  form  of  phenotypic  plasticity. 

The  larvae  ofW.  guin^i/iViper/ora/o  have  also  been  documented  as  exhibiting 
phenotypic  plasticity  (McEdward  & George,  in  prep.).  A reduced  egg-siac  might  not 
only  change  the  stage  of  development  larvae  can  reach  without  feeding,  It  might  also 

food  concentrations  early  in  devetopmeni.  Larvae  from  reduced  eggs  [88pm  diameter, 
calculated)  are  not  expected  to  be  able  to  express  phenotypic  plasticity  early  in 

This  study  is  an  examination  ofthc  effect  of  an  experimentally  induced 
iniraspecific  difference  in  endogenous  reserves  on  development  in  echinoid  larvae.  Asa 


result  ofreducii^i 
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the  amounl  of  growth  and  development  that  larvae  can  accomplish  on 
maternal  reserves,  the  facultative  feeding  period  will  be  reduced,  and  the  ability  oflbc 
larvae  to  eSicienlly  acquire  exogenous  resources  will  be  more  critical  to  successful 
growth  and  development.  A reduction  in  endogenous  reserves  might  cause  a decrease  in 
the  ability  of  larvae  to  adjust  morphology  to  compensate  for  reduced  food  concentrations 

metamorphosis.  Any  of  these  effects:  a reduction  in  the  amount  of  growth  and 
development  supponed  by  endogenous  sources,  a reduction  in  the  bcullative  feedtag 
period,  or  a decrease  in  the  larvae’s  abilhy  to  express  phenotypic  plasticity  will  require 
that  the  larvae  spend  a longer  period  feeding  in  the  plankton  and  will  reduce 
developmental  success. 

This  study  was  done  in  collaboration  with  S.K.  McWceney.  The  effects  of  an 
experiraemal  manipulation  of  egg  size  in  Mellila  quinquitsperforaio  on  those  larvae  fed 
unlimiled  food  or  starved  is  the  focus  of  this  chapter.  Amore  extensive  review  of  the 
effecu  of  unlimited  vs.  limited  food  is  presented  in  MeWeeney  (1995). 

Adults  of  the  sand  ioWa  Mellila  quinquiesperforala 'neie  collected  from  Sea 
Horse  Key,  Florida  (29’i36.l5’N,83‘D3.60’W)  in  June,  1994.  Adults  were  maintained 
and  spawned  as  outlined  in  Chapter  Two. 

Blasioincreswere  isolated  using  the  procedures  of  Okazaki  (I97S).  The  eggs 
were  fertilized  ( 1 00%)  and  rinsed  in  calcium-magnesium- free  seawater  (CaMgFSW.  for 
formulasee  Strathmann,  M.F.,  1987).  As  soon  as  the  fertilization  envelope  was  evident. 
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H was  stripped  from  around  Uw  eggs  by  passing  ibem  through  a 70(imNiiex  mesh.  Eggs 
vrere  placed  in  agar<oated  dishes  in  calcium-free  seawater  CCaFSW.  Straihmann,  M.F.. 
1987).  Full-size  conlmls  were  removed  from  the  CaFSWireaunem  althe  beginning  of 
the  first  cell  division  and  placed  in  ogaf-coated  dishes  in  normal  seawater  with  0.3g 
streptomycin  liter  ' to  prevent  infection. 

In  the  embryos  remaining  in  the  CaFSW,  blastomeres  were  separated  at  the  two 
cell  stage  by  passing  them  through  64pm  Nilex  mesh  two  times.  After  the  blastomeres 
were  isolated,  they  were  placed  In  agar-coated  culture  dishes  in  normal  seawater  with 
0.3g  of  streptomycin  liter'  and  all  cultures  were  placed  in  the  culture  chamber  and 
maintained  at  a temperature  of  27*C.  At  the  blostula  stage,  embryos  were  cultured  as 
outlined  in  Chapter  Three.  All  culture  water  was  filtered  (0.45pm)  and  0,3g  streptomycin 
filer  ' added. 


described  in  Chapter  Two.  the  treatments  chosi 
(unlimited  food),  2 cells  pi''  (limiled  food),  am 
Dunaliella  leriiolecla  (Butcher).  Survival,  dev 
metamorphosis  of  Ihe  larvae  in  each  cullurc  wc 
Morphological  measurements  were  mat 
and  limited  food  levels.  Larvae  froimhe  unlirr 
were  killed  with  1%  formalin  in  seawater  and  s 
Twenty  hrvae  were  collected  eve 
and  then  every  24  hours  until  the  ■ 


c for  both  lull  and  half-sized  embryos  and 
results  of  Ihe  nutrition  experiments 
sen  for  this  experiment  were;  8 cells  pf' 
tdO  celts  pl‘  (starved)  of  the  green  alga 

'cre  observed  and  recorded. 


stored  in  7034  ethyl  alcohol  (ElOH). 
erfenilizalion  for  the  firsl  three  days. 


ery  12  hours  afte 
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v.-ere  made  on  Ihe  skeklons  of  ihe  preserved  larvae  using  the  methods  ofMcEdward  & 
Herrera  {in  press).  The  results  of  these  measurements  are  reported  in  McWeency  (1995). 

To  compare  stages  across  treatments,  equivalent  stages  were  deteimined  for 
larvae  &om  full  and  half-size  eggs,  fed  limited  or  unlimited  food,  by  shape-fittmg 
statistics  (see  McWeeney.  1995).  The  shape  of  each  larva  was  compared  with  the  shapes 
of  all  of  Ihe  other  larvae.  Staging  was  judged  using  only  larval  features;  no  juvenile 
structures  were  measured. 


Early  development  of  the  larvae  from  half-size  eggs  (blasiomeres  from  the  2-eell 
stage)  was  delayed  in  comparison  to  that  of  the  controls  (from  full-size  eggs)  (Figure  19). 
At  0.5  day  of  age,  embryos  from  the  separated  blastomeres  were  mesenchymal  blaslulae. 
while  those  from  whole  eggs  had  completed  development  through  Ihe  gastruia.  begun 
larval  skeleton  formation,  and  were  at  the  prism  stage.  At  one  day  of  age,  larvae  from 
half-size  eggs  were  at  the  2pl  suige  and  larvae  from  the  control  group  were  at  the  4pl 

Starved  larvae  from  the  half-size  eggs  reached  only  the  4pl  stage,  and  starved 
larvae  from  the  frill-size  eggs  reached  the  6pl  stage  before  they  began  to  deteriorate  and 
die.  In  starved  larvae  from  holf-size  eggs,  the  larval  body  was  thin  and  the  skeletal  rods 
in  the  arms  began  to  protrude  from  the  tips  of  the  arms  during  the  4pl  stage.  Theie  was 
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Figure  19.  Schedule  of  laiviil  development  and  me\mar\itiasis  'ai  Mellila  quinquiesperfora 
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no  evidence  of  fornatioa  of  ibe  dotsal  arch  or  posierodorsal  skeletal  rods,  or  of  ftntBlion 
oflhe  third  pair  of  arms,  the  poslerodorsals.  Is  starved  larvae  horn  tiill-size  eggs  there 
was  no  evidence  offbrmetion  ofihe  fourth  pair  ofarms,  the  preonUs.  In  the  starved 
cultures,  of  both  egg-size  treamenis.  there  was  high  mortalh)' throughout  the  later  pan  of 
the  experiment  (after  the  4pl  stage  was  formed  in  the  half-size  treatments  and  after  the 
6pl  stage  was  formed  in  the  full-size  treatments). 

Later  Devdopment  in  Fed  I arviie 

In  the  fed  trcaunents,  as  development  conlbued,  it  was  noted  that  larvae  front  the 
half-size  eggs  were  approximately  12  hours  behind  the  controls  in  forming  each  larval 
stage.  Fed  larvae  ftom  full-size  eggs,  attained  the  6pl  stage  al  48  hours,  the  8pl  stage  at 
60  hours,  and  the  8R  stage  at  120  hours  after  fertilization,  regardless  of  food  level. 

Larvae  fiom  half-size  eggs  were  al  the  6pl  stage  al  60  hours.  Larvae  from  haif-size  eggs 
fed  unlimited  food  reached  the  8pl  stage  at  72  hours  and  the  8R  stage  al  144  hours. 

Larvae  ftom  half-size  eggs  fed  limited  food  reached  the  8pl  stage  al  1 20  hours  and  did 
not  grow  a rudiment  during  the  course  of  the  cxperiineiiL  The  larvae  from  fiill-sizc  eggs 
on  limited  or  unlimited  food  built  the  Juvenile  rudiment  earlier  than  the  larvae  from  half- 
size-eggs fed  unlimited  food. 


EfreclefaReducilQtimKa 


Llhe  Expression  of  Phenotypic  Plasiicitv 


Larval  arm  I 


: (day  II 


Larvae  from  full-size  eggs  fed  limited  food  had  . 


from  fiill-siz 


. I day  posifenilizaiion  (Table  6) 
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(McWeeney,  1995)-  Inlhe  lar\ae  &om  half-size  eggs,  there  was  no  cUHe] 
length  in  the  early  stages  (MeWeeney.  1995). 


Table  6.  Skeletal  arm  rod  length  measurements  for  blastomere  sepan 
cultures.  Means;  SE  in  pm  with  N=I0.  AD  from  same  parental  pair 
(fiomMcWeeney,  1995). 


le  from  full-siz 


se  fed  lit 


(McWecncy,  1995).  Larvae  from  half-size  eggs  fed  limited  food  had  longer  posioral 


equivalent  sage  (Table  6)  (McWeeney,  1 995).  The  posloral  arms  were  also  longer  in 
larvae  from  half-size  eggs  fed  limited  food  in  comparisonlo  those  of  the  larvae  from 
half-size  eggs  fed  unlimited  food  which  were  a stage  ahead  of  them  (8pl  stage)  (Table  6) 

(McWeeney,  1995).  There  were  no  differences  in  the  lengths  of  the  anlerolateralsat  the 
6pl  stage  (McWeeney,  1995).  Measurement  of  later  larval  stages  was  not  possible  due  to 
flaying  of  the  later  stage  larvae.  In  splaying,  the  larval  arms  are  spread  wide  and  this 
prevents  the  positioning  of  the  larvae  for  morphometric  measurements. 


Effect  ofa  Reduction  in 


Eerlv  development  (fertilization  - cajiv  4nh 

early  stages  of developmem,  before  the  formation  of  the  first  pair  of  larval  arms.  Early 
development  of  the  larvae  from  half-size  eggs  (blastomeres  from  the  2-cell  stage)  was 
delayed  in  comparison  to  that  of  the  larvae  from  foil-size  ^s. 

Later  larval  development  in  starved  larvae  flaie  4pI  - meiamomhnsis' 

In  starved  larvae,  a reduction  of  egg  energy  content  by  50  percent  prevented  the 
larvae  from  developing  to  the  6pl  stage,  in  larvae  from  foll-size  eggs,  there  was  no 
evidence  of  formation  of  the  fourth  pair  of  arms,  the  preorals.  Larvae  ofW 
qmnquiesper/orala  from  foll-size  eggs  were  not  able  to  reach  the  8pl  slage  or 
metamorphose  without  feeding.  The  energy  in  tlie  egg  is  insufficient  to  support  further 


particular  stage  of  larval  dcvelopmem  without  food  depends  on  the  material  provided  in 
the  egg  (see  aiso  Table  5.  Chapter  4). 

Fed  larvae  from  lull-size  eggs,  fed  limited  or  unlimited  food,  attained  each  of  the 
later  stages  (6pl,  8pl,and8R)  12  hours  before  the  larvae  from  half-size  eggs  that  were  fed 
unlimited  food.  Larvae  from  half-size  eggs  fed  limited  food  reached  the  8pl  stage  much 
iater  (120  hours)  and  did  not  grow  a juvenile  rudiment  during  the  course  of  the 
eitperimcnt. 

Formaiion  of  the  juvenile  rudiment 

Larvae  from  foil-size  eggs  fod  unlimited  food  built  the  juvenile  rudiment  earlier 
than  the  larvae  from  half-size-eggs  fed  unlimited  food.  This  suggests  that  the  exogenous 
energy  acquired  from  the  food  is  allocaled  differently  between  the  two  egg-size 
treatments.  The  larvae  from  foil-size  eggs  are  using  these  resources  to  build  the  rudiment 

Effect  of  a Reduction  in  Eea  Lnerev  Content  on  the  Expression  of  Phenoivnie  Plasiiciiv 

Plasticity  at  early  stages  in  develonmeni  I2nl  - 4oll 

Larvae  from  foil-size  eggs  fed  limited  food  expressed  phenotypic  plasticity  less 

size  eggs  fed  unlimited  food  (MeWeeney,  1995).  In  the  brvae  from  half-size  eggs,  there 


1995).  A reduction  in  endogenous  reserves  prevented  the  expression  of  phenotypic 
plesticily  early  in  development. 

PlMticKv  at  later  stages  in  development  (6nl  - gnh 

Lame  from  RiU-size  eggs  fed  limited  food  had  longer  postoraJ  and  poslerodorsal 
arras  than  larvae  fed  unlimited  food  at  the  same  stage  <McWeeney,  1995).  Larvae  Rum 
half-size  eggs  fed  limited  food  had  longer  postoral  arms  at  the  6pl  stage  than  did  larvae 
from  half-size  eggs  fed  unlimited  food,  at  either  the  6pl  or  Spl  stages  (McWeeney,  1995). 
At  later  stages  of  development,  and  afler  some  lime  spent  feeding,  even  larvae  from  talf- 
size  eggs  exhibit  phenotypic  plasticity  in  response  to  limited  food  concentratbns.  The 
ability  to  exhibit  phenotypic  plasticity  at  later  stages  of  devetopment  is  not  due  to 
endogenous  resources,  rather  these  later  stage  larvae  from  half-size  eggs  can  allocate 
exogenous  nutrition  to  the  building  of  longer  feeding  structures. 

General  Conclusions 

The  experiinemal  manipulation  ofendogenous  reserves  provides  the  basis  for  an 
intraspccific  comparison  of  larval  development  given  different  size  eggs.  These  resulls 
suggest  new  queslions  about  the  role  of  maternal  reserves  in  Ihe  expression  of  life  history 
traits.  M quinquiesperforala  larvae  had  enough  endogenous  energy  to  reach  the  6pl  stage 
without  feeding.  When  egg  size  was  halved,  starved  larvae  were  no  longer  able  to 
develop  to  the  6pl  stage,  and  fed  larvae  toot  tonger  to  reach  metamorphosis. 

The  larvae  from  full-size  eggs  fed  limited  food  exhibited  phenotypic  plasticity 
early  in  development,  at  the  early  4pl  stage,  and  again,  during  later  development  at  the 
Spl  stage.  Larvae  from  half-size  eggs  fed  limited  food  expressed  phenotypic  plasticity 


esOLuues  pre> 


only  laier  in  developmeni.  A reduclion  in  endogenous  re 
from  expressing  phenotypic  plasticity  early  in  development.  However,  they  were  able 
express  plasticity  later  in  development,  after  some  lime  spent  gathering  exogenous 
resources  via  particulate  feeding.  Increased  feeding  ability  minimizes  the  effects  of 
limited  food  conditions  on  growth  and  development.  The  ability  to  giow  longer  amts  in 
response  to  low  food  levels  b derived  from  endogenous  sources  early  in  development, 
and  from  exogenous  food  later  in  development. 

Larvae  from  relatively  large  eggs  ( 1 50-200pm)  are  able  to  develop  to  the  8pl 
stage  without  food  (Heitera,  era/.,  1 996)  and  do  not  appear  to  grow  longer  arms  in 

energy  sources  to  reach  later  stages  of  development.  Thb  increases  the  length  of  the 
ciliated  band  which  increases  feeding  ability  and  minimizes  the  possibility  that  larvae 
will  starve  or  spend  a longer  period  of  lime  b the  plankton  gaihering  the  exogenous 

ability  to  develop  wiihoul  food  to  the  later  stages,  may  be  more  beneficial  than  growing 
longer  arras  in  response  to  low  food.  Developing  rapidly  to  the  8pl  stage  could  allow 
larvae  to  compensate  for  low  food  conditions  by  increasing  Ihe  length  of  the  ciliated  band 
compared  to  larvae  at  earlier  stages  of  development.  This  response  would  have  the  same 
effect  as  allocating  energy  lo  longer  arms  at  an  earlier  stage.  Both  this  "llexihilily"  (sensu 
McEdward&Hadfield,  1 996)  and  phenotypic  plasticity  allow  larvae  lo  compensate  for 

>r  ai  an  earlier  age  is  dependent  upon  egg  energy  content. 


(6pl)  wiihoul  food  ond/o 


CHAPTER  6 

THE  EFFECT  OF  AN  EXPERIMENTAL  CHANGE  IN  EGG  SIZE  ON  LARVAE  OF 
THE  SAND  DOLLAR  ENCOPEABERRANS 


iMTOiiuciion 

Among  the  echinoids.  many  species  (e.g.  Paraeentroius  Irvidia.  Fenaux  el  aL, 
\9SS-,  Arbada punclulam  ini  Lyiechirms  variegalus,  iimera  el al..  1996)  need  id  feed 
within  a day  or  at  most  a few  days  of  developing  to  Ibe  initial  larval  feeding  stage  (2  or 
4pl).  Recently,  the  larvae  of  several  subtropical  species  of  clypeasteroids  have  been 
documented  as  reaching  the  6pl  and  8pl  stages  without  food(Ecken.  I99S;  Herrera  el  o/,, 
1996;  McEdward  & George,  in  prep.).  Although  there  is  not  enough  material  in  the  eggs 
of any  obligate  planklolrophs  (by  definition)  to  reach  metamorphosis,  there  appears  to  be 
enough  variation  in  reserves  among  species  to  generate  a diversity  ofnutritional 
strategies  in  development  (Herrera <(  o/..  1996).  Intermediatetypes  ofplanktolrophsare 
more  prevalent  than  previously  thought  (Eckert,  1995;  Herrera  el  n/.,  1996). 

In  many  species  ofsubtropicol  clypeasteroids  (sand  dollars  and  sea  biscuils),  the 
development  of  the  larval  body  is  fueled  by  reserves  in  the  egg  while  the  building  of  the 
juvenile  - an  energetically  expensive  process  [McEdward,  1984) -is  fueled  by  exlemal 
feeding  (Eckert,  1995;  Herrera  er  of.,  1996).  In  these  clypeasteroids,  the  complete 

metamorphosis  is  relatively  short  (5-7  days)  (Herrera  er  of,  1996).  These  larvae  can  lake 
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no 


adv&niage  of  food  in  the  plankton  for  building  the  rudiment  and  are  able  to  do  so  early 
because  the  larvae  develop  rapidly  using  egg  energy.  Fecundity  is  still  high  because  the 
energy  contained  in  these  intermediate  size  eggs  is  only  about  4 times  greater  than  that  in 
smaller  ecbinodenn  eggs  (Herrera  a al.,  1 996;  see  Chapter  4),  while  the  energy  in  the 
eggs  of  some  leeithotnsphs  is  1-3  orders  of  magnitude  greater  (McEdward,  1991;see 
Chapter  4). 

By  attaining  later  larval  siagea  before  needing  to  feed,  the  larvae  are  able  to  spend 
aperiodoftime  feeding  fhcullatively  (Eckert,  1995;  Herrera  <(  o/„  1996;  McEdward, 
1997;  Chapter  4),  The  advantages  coaferred  by  this  period  oflacuHative  feeding  have 
bcenanoJyzed  in  new  life  history  models  by  McEdward  (1997,  in  prep),  and  these  models 
predici  that  intermediate  egg  sizes  and  larval  milriiional  strategies  should  be  favored  by 
selection  under  a range  of  environmental  conditions. 

The  subtropical  sand  dollar  Mellila  quinqulespeiforala  has  an  egg  size  of  1 1 Qpm 
(diameter)  and  its  larvae  can  reach  the  6pl  stage  without  feeding.  However,  larvae  of  this 
species  can  only  reach  the  4pl  stage  when  endogenous  reserves  are  decreased  by  half  by 
means  of  blaslomere  separations  (Chapter  5).  In  the  strongylocentrolid  sea  urchins  it  is 
known  that  when  maternal  reserves  provided  to  the  olfspring  are  reduced  by  half,  their 
larval  development  mimics  that  of  larvae  from  species  with  smaller  egg  sizes  (Sinervo  & 
McEdward,  1998). 

Larvae  of  the  subtropical  sand  dollar  Encope  aberrans  develop  from  a larger  egg 
(190>undiameler)lhan  Af  quinqulespeiforala,  ari  E.  aberrans  larvae  can  teach  the  final 
larval  stage  (8pl),  without  feeding,  although  they  do  require  food  to  develop  the  juvenile 
rudiment  and  metamorphose  (Herrera  elfl/.,  1996).  Larvae  of  the  sea  biscuit  Clypeasler 


rosaens  (egg  size  = 2!4>im  diameter)  are  &cuhative  pianktotrophs  and  can  reach 
inetamorphosis  wiiboui  feeding,  although  they  are  able  to  feed  (Emlei,  1986:  Herrera  «r 
oh.  1996). 


In  order  to  bvestigate  the  effects  of  a decrease  in  egg  size  in  a planktomphic 

M.  guinquitspeiforala  and  facultative  planktotrophy,  blasiomere  separation  experiments 
were  done  with  E.  aberrans.  Larvae  of  the  sea  biscuit  Clypeasser  subdeprtssus,  with 
eggs  the  samesizeflSOpm  diameter)  as  half-size  £ oheminr  eggs,  can  reach  the  8pl 
stage  on  endogenous  reserves  atone  (Herrera  ef  o/,  1996;  Chapter  4),  Thus,  it  was 
hypothesized  that  E.  aberrans  larvae  from  half-size  eggs  would  be  able  to  teach  the  8pl 
stage  without  feeding. 

Ifihese  larvae  from  isolaled  blaslomeres  can  develop  to  the  8pl  stage  without 
feeding,  then  this  ^lecies  packages  at  least  twice  the  amount  of  energy  in  the  egg  than  is 
necessary  far  the  maximum  rate  of  development  (leciihotrophic  development)  of  the 
larval  body.  If  this  is  the  case,  then  this  species  might  be  approaching  the  threshold  for 
functional  lecilholrophy.  This  would  also  indicate  that  twice  the  amount  of  energy 

metamorphosis,  and  meiamorphosis  is  more  energetically  expensive  than  growth  and 
development  through  all  the  stages  of  (he  larval  body.  If  the  larvae  &om  Isolaled 
blaslomeres  cannot  reach  the  8pl  stage  without  feeding,  then  the  energy  that  E.  aberrans 
packages  into  the  egg  is  less  than  two  times  that  needed  to  fiiel  development  of  the  8pl 
larval  body.  If  these  larvae  reach  the  6pl  stage,  then  it  is  likely  that  £ ofterronr  packages 
twice  as  much  energy  into  the  egg  as  does  Af.  quinquiesperforaia.  If  the  larvae  of  £. 


■sperforaio.  If  the  I 


asM.  qumi/uiesperfuraia. 

Meihods 

Adiills  of  the  sand  dollar  were  collected  offehore  ftomSea 

Horse  Key,  Florida  (28"57‘30"N.83°I3’02“W)  in  May,  1994.  Maintenance  of  the  adults 
and  owning,  were  done  as  outlined  in  Chapter  Two.  The  eggs  were  fertilized  and 
rinsed  in  ealcium-magnesium-&ee  seawater  (CaMgFSW).  Blasiomere  separation 
procedures  were  accon^lished  as  outlined  in  Chapter  Six.  In  this  experiment  the 
fertilization  envelope  was  stripped  from  around  the  eggs  by  passing  them  through  a 
l30pmNitex  mesh.  The  embryos  for  the  half-size  treatments  were  separated  at  the  two- 
cell stage  by  passing  them  through  125pm  Nitex  mesh  two  times.  At  the  blasiula  stage 
larvae  were  cultured  as  outlined  in  Chapter  Three.  All  culture  water  was  filtered 
(0.45pm)  and  0.3g  streptomycin  liter*'  added.  Two  nutritional  treatments  ware  done  for 
both  full  and  half-sized  embryos  and  each  treatment  was  done  in  duplicate.  The 
nutritional  treatments  were;  8 cells  pV'  (unlimited  food)  and  0 cells  pf'  (starved)  of  the 

In  each  culture,  survival,  development  rates,  time  to  metamorphosis,  and  juvenile 
size  was  observed  and  recorded.  Morphological  measurements  were  made  on  larvae 
from  each  treatment  as  outlined  in  Chapter  Three.  Measurements  were  done  every  12  to 


in  Chapter  Three. 


Resulls 


The  fed  larvae  of£nro/wa6erronj  from  full-size  eggs  developed  through 
metamorphosis  within  7 days  at  a temperature  of  27*C  (Table  7;  Fig.  20).  Larval  feeding 


Table  7.  Schedule  of  larval  development  in  Encopt  obfrrans. 


Figure  20.  Schedule  oFlurvul  developn 


begiu)  by  36  houis(4pl)  as  evidenced  by  the  presence  of  algae  in  the  larval  gul.  The 


larvae  reached  the  6pl  stage  by  4S  boors  and  were  8pl  larvae  by  60  hours  of  age. 
Rudiment  formation  was  visible  at  84  hours  of  age  and  larvoe  could  be  induced  to 
metamotphose  3 to  4 days  later. 

In  the  late  stage  8R  larvae,  specialized  locomoloty  regions  ofthe  ciliated  bond 
bad  developed  in  the  arm  piu  (on  either  side  ofthe  bases  ofthe  arms)  ofthe  PO  and  PD 
amts.  The  juvenile  rudiment  formed  at  3.5  days  aher  fertilization.  No  pediceliariae 
developed.  Juvenile  skeletal  plates  could  be  seen  developing  at  the  tips  of  several  larval 
^eletal  cods,  particularly  and  initially  at  the  base  ofthe  dorsal  arch. 

The  skeleton  of  £.  oberrons  is  made  up  of  5 major  elemencs  (Table  8).  The  larval 
body  has  a bilateral  symmetry  and  there  are  two  paired  right  and  leh  skeletal  pieces  and 
one  unpaired  piece.  These  elements  are  as  described  forZ.  var/ego/us  in  Chapter  3, 
eacept  there  is  no  transverse  posterior  rod.  Instead,  in  later  stages,  the  posterior  ofthe 
body  is  supported  by  the  body  rods  which  arc  elabotiucd  to  form  a "body  basket".  The 
skeleton  off.  oberrnns  larvae  also  differs  ftomthat  off  voriegoius  in  thar  the  PO  and 
PD  tods  are  fenestrated  and  the  dorsoventral  connecting  rods  attach  to  the  ventral 
transverse  rods  rather  than  to  the  PO/BR  junctions. 

The  paired  skeletal  elements  which  form  the  postoral  arm  rod/  body 
rod/anterolateral  arm  rod  complca  are  the  first  skeletal  pieces  to  form.  They  ace  visible  at 
the  prism  stage.  By  the  end  ofthe  first  day  the  postoral  arm  rods  grow  and  extend 
beyond  the  larval  body  to  form  support  for  the  postoral  arms,  and  the  omerolalecal  arm 
rods  extend  to,  but  not  beyond  (he  anterior  edge  ofthe  ora!  hood  The  body  rods  extend 


Table  8.  Schedule  oflarval  skeleton  development  in  Encope  aberran 


il/body  rodjunciionmid  i 


I ihe  midline  of  ihe  body.  By  day  1 .5.  ai  the  4pl 


stage,  the  postoral  arms  have  elongated  and  the  antem  lateral  arm  rods  have  extended 
beyond  the  oral  hood  to  form  the  anterolateral  arms.  At  day  U.  the  dorsal  arch  is  also 
visible  whhin  the  larval  body  as  a triradlate  spicule  and  the  posierodorsal  tods  can  be 
seen.  At  this  time  a ^ly  extensive  body  basket  is  evident  in  the  posterior  region  of  the 
larvae,  having  been  formed  by  anastomosing  branches  of  the  body  rods.  By  the  second 
day  the  posterodoisal  rods  extend  beyond  the  larval  body  to  support  a pair  of 
posterodorsal  arms  and  by  day  2.S  the  preoral  arm  rod  exteasions  ofthe  dorsal  arch  have 
grown  beyond  the  margin  ofthe  oral  hood  to  form  the  anterolateral  arms.  Juvenile  plates 
begin  forming  artd  ate  visible  by  2.5-3  days. 

Blaslomere  Isolations 
Early  development 

The  eggs  of fneope  oberrons  were  190(im  in  diameter.  Early  development  ofthe 
larvae  from  half-size  eggs  (blaslomeies  fiom  the  2-ceII  stage)  was  delayed  in  comparison 
to  that  ofthe  controls  flrom  full-size  eggs).  At  0.5  day  of  age,  embryos  from  the 
separated  blastomctes  were  blastulae,  while  those  from  whole  eggs  had  completed 
development  through  the  gastnila,  begun  larval  skelelon  formation,  and  were  at  the  prism 
stage.  At  one  day  of  age,  larvae  from  half-size  eggs  were  at  the  prism  stage  and  larvae 
from  ftill-size  eggs  were  at  the  2pl  stage. 

Later  devebomeni 

Starved  larvae  from  Ihe  half-size  and  full-size  eggs  reached  the  8pl  stage  before 


they  began  to  deleric 


Doled  that  larvae  from  the  blasiomere  separation  treatments  were  apptosimalely  12  hours 
behind  the  controls  in  forming  each  larval  stage.  In  both  fed  and  starved  cultures,  larvae 
from  haif-siae  eggs  were  at  the  4pl  stage  at  48  hours,  the  6pl  stage  at  60  hours,  and  the 
8pl  stage  at  72  hours.  Larvae  from  full-stre  eggs  were  at  the  4pl  stage  at  36  hours,  the 


6pl  stage  at  48  hours,  and  (he  8pl  sla| 

je  at  60  hours  (Fig.  20).  The  fed  larvae  from  fiill- 

size  eggs  built  the  juvenile  nidimenl 
20). 

earlier  than  the  fed  larvae  from  half-size-eggs  (Fig. 

1 nrvtit  MomhonvMrv 

Larval  development  time  from  the  2pl  stage  to  the  fully  developed  8pl  stage  with 


ajuvenile  rudiment  was  3.5  days  inti 

te  fed  larvae  from  ftill-size  eggs,  and  5 days  in  fed 

he  starved  larvae  developed  past  the  8pl  stage;  they 

In  both  fed  Irealmenis,  larval 

length  increased  during  development.  The  larval 

length  of  fed  larvae  from  full-size  eggs  increased  from  524  ± Spmat  the  4pl  stage  (1.5 
days)  to  827  ± 26pm  at  the  rudiment  stage  (3.5  days)  to  900  ± 36pm  at  day  live  (Fig. 
21a)  In  fed  larvae  from  half-size  eggs,  larval  length  increased  from  426  ± 9pm  at  the  4pl 


stage  (2  days)  to  828  ± 16pm  at  the  n 

tdiment  stage  (5  days)  to  854  ± 1 4pm  at  day  six.  In 

starved  brvae  from  full-size  eggs,  far 

val  length  increased  from  524  ± 8pm  at  the  4pl 

stage  1. 5 days)  to  a maximum  of  733  ±2lpm  on  day  3. 5 (8pl),  and  did  not  increase 
thereafter  as  the  larvae  deteriorated.  In  starved  larvae  from  half-size  eggs,  larval  length 


increased  from  445  ± 9pm  (2  days)  i 


>f600±  1 0pm  at  day4(8pl).  t 


Figure  21.  Urval  developmenl  in  Eneopi  abcmms,  a.  larval  length,  b.  body  length: 
mean  values  ± SE.  1/1  ■ larvae  from  whole  eggs,  1/2  “ larvae  ftom  blasiomeres 
Isolated  at  the  2-cell  stage. 
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In  both  fed  trealmenls.  body  length  uurefised  steadily  from  the  4pl  to  the  njdiment 
stage.  The  body  length  of  fed  larvae  from  full-size  eggs  increased  from  333  i 4(un  at  the 
4pl  stage  to  473  ± Bjim  at  the  rudiment  stage  (3-5  days)  to  527  ± ISpm  at  day  five  (Fig. 
21b).  In  fed  larvae  from  the  half-size  eggs  body  length  increased  from  284  ± 6pm  at  the 
4plslagelo456±9pmatthemdanenlslage(5  doys)  to  471  ± 10pm  on  day  six.  In 
starved  larvae  from  full-size  eggs  body  length  increased  from  333  ± 4pm  at  the  4pl  stage 
(1-5  days)  to  a maximum  of426  ±6pm  on  day  3.5  (8pl).  In  starved  larvae  from  half-size 
eggs  body  length  increased  from  270  ± I2pm  at  the  4pl  stage  (2days)  to  a maximum  of 
341  ± 6pm  on  day  5 (Spl).  The  body  lengths  of  starved  larvae  were  somewhat  variable 
and  decreased  as  the  larvae  delcrioiaied. 

The  length  of  the  ciliated  band  (an  index  of  larval  feeding  capability)  increased 
3.4-fold  between  the  4pl  and  rudiment  stages  in  fed  larvae  from  full-size  eggs,  from  2.29 
± 0.06mm  at  the  4pl  stage  to  7.86  ± 0.22mm  at  the  rudiment  stage  (3.5  days)  (Fig.  22). 

The  length  ofthe  ciliated  band  continued  to  increase  in  these  larvae  and  it  was  9.83  ± 
0.38mm  at  day  five.  The  ciliated  band  increased  6.4-fold  in  fed  larvae  from  half-size 
eggs,  from  l-36±0.05mmanhc4plsiogelo8.69±0-31mmatlhe  rudiment  stage  (5 
days).  Theeiiialed  band  in  these  larvae  was  9-97  ± 0.  i 7mm  on  day  6 and  11.1  ±0.23irun 
onday  sevea  The  length  ofthe  ciliated  band  increased  only  2-9-fold  in  starved  larvae 
from  full-size  eggs,  from  2.29 1 0.06mm  at  the  4pl  stage  to  a maximum  of  6.71  ± 

0.14mm  on  day  4 (Spl).  The  length  ofthe  ciliated  band  increased  2.S-fold  in  starved 
larvae  from  half-size  eggs,  from  1.931 0.05mm  at  ihc4pl  stage  to  a maximum  of4.91  ± 
0-I2mmonday4(8pl).  Subsequenuo  day  4.  the  lengths  ofthe  ciliated  bands  in  starved 
larvae  dccrcattcd  as  the  larvae  deteriorated. 


ipusapenjic 
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In  fed  larvae  from  lull-size  eggs,  Ihe  cUiaied  band  lenglh/body  length  ratio  (an 
index  ofbody  shape  complexity),  increased  from6.8«±  0-14  at  Ihe  4pl  stage  to  16.58  ± 
0-55  at  Ihe  rudiment  stage  (3-5  days)  to  1 8.80  ± 0.90  at  day  five  (Fig.  23).  In  fed  larvae 
ftom  the  half-size  eggs  the  ciliated  band  lenglhibody  length  ratio  increased  ftom6.48  ± 
0.10  at  the  4pl  stage  to  19.07  ±0.47  at  the  rudiment  stage  (5  days)  to  21.22  ± 0.42  on  day 
6.  to  23.29  ± 0.85  on  day  seven.  In  starved  larvae  from  full-size  eggs  ciliated  band 
lenglhibody  length  ratio  bcreased  from  6.86  ±0.14  at  the  4pl  stage  (1.5  days)  toa 
maximum  of  15-96  ± 0.46  on  day  4 (8pl).  In  starved  larvae  from  half-size  eggs  ciliated 
band  length/body  length  ratio  increased  from  7.23  ± 0.25  at  the  4pl  stage  (2days)  to  a 
maximum  ofl4.79±  0.32  on  day  4 (8pl).  The  ciliated  band  lenglh/body  length  ratio  of 
starved  larvae  was  somewhat  variable  and  decreased  as  the  larvae  delerionued. 

The  percent  ciliated  tand  on  the  arms  increased  from  day  one  (2pl)  to  day  two 
(4p!)  in  all  trcalroents  (Fig.  24a).  In  both  fed  treatments,  body  length  increased  steadily 
from  the  4pl  to  Ihe  rudiment  stage.  The  percent  ciliated  band  on  the  arms  of  fed  larvae 
ftom  full-size  eggs  increased  from  69.4  ± 0.87  at  the  4pl  stage  to  a maxirauni  of  76.5  ± 
0.56  at  day  3 (8pl).  In  fed  larvae  from  the  half-size  eggs  percent  ciliated  band  on  the 
arms  increased  ftom  64.5  ± 0.65  at  the  4pl  stage  to  a maximum  of  77.7  ± 0.40  at  day  4 
(8pl).  In  starved  larvae  ftom  full-size  eggs  percent  ciliated  bond  on  Ihe  arms  increased 
ftom  69-4  ± 0.87  at  the  4pl  stage  (1.5  days)  to  a maximum  of79.5  ± 0.54  on  day  4 (8pl). 
In  starved  larvae  from  half-size  eggs  percent  ciliated  band  on  the  arms  increased  from 
67.8  ± 0.83  at  the  4pl  stage  (2days)  to  a maximum  of  78.5  ± 0-37  on  day  4 (8pl).  In  each 
treatment,  subsequent  to  reaching  the  maximum  percentage,  each  ciliated  band 
lenglh/body  length  ratio  fluctuated  between  ihe  levels  of  75-79  percent. 
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Figure  24.  Larval  developmcm  in  Bneope  abeirans,  a.  % ciliated  band  on 
ibc  aniis,  b-  total  arm  lei^th:  mean  values  ± SE.  1/1  = larvae  ftom  whole 
eggs.  1/2  = larvae  front  blaslomcres  isolated  at  ihe  2-cell  stage. 
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In  tx>lb  fed  imlmenu.  loial  arm  length  increased  steadily  from  the  4pliolhe 
rudiment  stage  (Fig.  24b).  The  total  arm  length  of  fed  larvae  from  fiill-siae  eggs 
increased  from  793  ±25pm  at  the  4pl  stage  to  2968  ± 102;un  at  the  rudiment  stage  (3.5 
days)  to  3714  ± 186pm  at  day  five.  In  fed  larvae  from  the  half-size  eggs  total  arm  length 
increased  from  594  ± 19pm  at  the  4pl  stage  to  3255  ± 113pm  at  the  rudiment  stage  (5 
days)  to  3865  ± 82pm  on  day  six  and  43 1 8 ± 93  on  day  seven.  In  starved  larvae  from 
full-size  eggs  total  arm  length  increased  from  793  ± 25pm  at  the  4pl  stage  (1.5  days)  to  a 
maximum  of266S±  67pm  on  day  4 (8pl).  In  starved  larvae  from  half-size  eggs  total  arm 
length  increased  from  654  ± 18pm  at  the  4pl  stage  (2days)  to  a maximum  of  1 923  ± 

54pm  on  day  4 (8pl).  The  total  arm  length  of  starved  larvae  was  variable  and  decreased 

In  both  fed  irealmenls.  poslorai  arm  length  increased  steadily  from  the  4pl  to  the 
rudiment  stage.  The  poslorai  arm  length  of  fed  larvae  from  full-size  eggs  increased  from 
293  + 9pm  at  the  4pl  stage  to  524  ± 23pm  at  the  rudiment  stage  (3.5  days)  to  585  ± 28pm 
at  day  five.  In  fed  larvae  from  the  half-size  eggs  poslorai  arm  length  increased  from  224 
± 7pm  at  the  4pl  stage  to  547  ± 13pm  at  the  rudiment  stage  (5  days)  to  594  ± 14pm  on 
day  six  and  628  ± 15pm  on  day  seven.  In  starved  larvae  from  full-size  eggs  postoral  arm 
length  increased  from  293  19pm  at  the  4pl  stage  (1.5  days)  to  a maximum  of 450  ± 

1 8pm  on  day  3.5  (8pl).  In  starved  larvae  from  half-size  eggs  poslorai  arm  length 
increased  from  248  1 7pm  at  the  4pl  stage  (2days)  to  a maximum  of384±  llpmon  day 
4 (8pl).  The  poslorai  arm  length  of  starved  larvae  was  somewhat  variable  and  decreased 
as  the  larvae  deicrioraled. 


In  both  fed  IreaUnenls,  anierolnlersi  arm  length  increased  steadily  from  the  4pl  to 
the  mdimeiil  stage.  The  ameralBteraJ  am  length  of  fed  larvae  from  fiill-siae  eggs 
increased  from  104  ± Spmal  the  4pl  stage  to  269±  16pm  at  the  rudiment  stage  (3.5  doys) 
to374±42MRiatday  five.  In  fed  larvae  from  the  half-size  eggs  anterolateral  arm  length 
increased  from  73  ± 5pm  at  the  4pl  stage  to  332  ± 26pm  at  the  rudiment  stage  (5  days)  to 
436  ± 8pm  on  day  six  and  471  ± 26pm  on  day  seven.  In  starved  larvae  from  full-size 
eggs  anterolateral  arm  length  increased  from  104  ± 5pm  at  the  4pl  stage  (IJ  days)  to  a 
ma.ximum  of 227  ± I3pmonday  4 (8pl).  in  starved  larvae  from  half-size  eggs 
anterolaleral  arm  length  increased  from  79  ± 5pm  at  the4pl  stage  (2day$)  to  a maximum 
of  207 1 13pm  on  day  4 (8pl).  The  anterolateral  arm  length  of  starved  larvae  was 
somewhat  variable  and  decreased  as  the  larvae  deteriorated. 

The  posterodorsal  arm  pair  appeared  at  day  two  in  larvae  from  frill-sizc  eggs>  and 
at  day  2.5  in  larvae  from  half-size  eggs  In  both  fed  Ireaiments.  posterodorsal  arm  length 
increased  steadily  from  the  6pl  to  the  rudiment  stage.  The  posterodorsal  arm  length  of 
fed  larvae  from  full-size  eggs  increased  from  123  ±5pm  at  the6pl  stage  to  436±  20pm  at 
the  nidiment  stage  (3.5  days)  to  549±  30pm  at  day  five.  In  fed  larvae  from  the  half-size 
eggs  posterodorsal  arm  length  increased  from  90  ± 6pm  al  the6pl  stage  to  454  ± I6pmat 
the  rudiment  stage  (5  days)  to  571  ± 10pm  on  day  six  and  584  1 18pm  on  day  seven.  In 
starved  larvae  from  full-size  eggs  posterodorsal  arm  length  increased  from  ISI  ± lOpm  at 
the  6pl  sage  (2.5  days)  to  a maximum  of 408±  23pm  on  day  4 (8pl).  In  starved  larvae 
from  half-size  eggs  posterodorsal  arm  length  irtcreased  from  70  ± 5pm  at  the  4pl  stage 
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(Idayi)  U5  a maximum  of  278  ± IS^mon  day  4 (8pl).  The  poslerodorsal  arm  length  of 
starved  larvae  wos  somewhat  variable  and  decreased  as  the  larvae  deteriorated. 

The  final  arm  pair,  the  preoral  arms  formed  on  day  2.5  in  the  larvae  from  fiill-sire 
eggs  and  on  day  3 b larvae  foam  half-size  In  both  fed  treatments,  preoralorm 
length  increased  from  the  8pl  to  the  rudiment  stage.  The  preoral  arm  length  of  fed  larvae 
from  full-size  eggs  increased  from  75  ± Stun  at  the  8pi  stage  to  256  ± 1 1 pm  at  the 
rudiment  stage  (3.5  days)  to  349  ± 37pm  at  day  five.  In  ftd  larvae  from  the  half-size 
eggs  preoral  arm  length  increased  from  76  ± 7pm  at  the  8pl  stage  to  295  ± 20pm  at  the 
rudiment  stage  (5  days)  to  332  ± 1 8pm  on  day  six  and  475  ± 1 7pm  on  day  seven.  In 
starved  larvae  foom  full-size  eggs  preoral  arm  length  increased  from  66  ± 3pm  at  the  8pl 
stage  (2.5  days)  to  a maximum  of  201  ± 14pm  on  day  4 [8p0.  In  starved  larvae  from 
half-size  eggs  preoral  arm  length  increased  foom  49  + 3pm  at  the  8pl  stage  (3days)  to  a 
maximum  of  120±  10pm  on  day  5 (8pl).  The  preoral  arm  length  ofsiarved  larvae  was 

Starved  larvae  did  not  show  any  evidence  of  juvenile  rudiment  fortnnlion.  At  day 
3.5.  Juvenile  structures  were  visible  in  the  fed  larvae  from  fiill-size  eggs.  Fed  larvae  from 
half-size  ^ began  forming  the  juvenile  at  day  five.  The  onset  of  nKlamorphic 
competency  occurred  in  foil-size  egg  cultures  on  day  7.  and  in  the  half-size  egg 

were  28i  ± 4mm  b diameter,  on  day  8 were  281  ± 3mm  in  diameter,  and  on  day  9 were 
314  ± 3mm  in  diameter.  Juveniles  metamorphosed  b the  half-size  egg  treatments  on  day 
8 were  281  ± 3mm  in  diameter  and  on  day  9 were  285  ± 3mm  b dbmcier. 


Discussion 

The  larvae  of  £,  abfrrtms  can  reach  Ihe  8pl  stage  without  feeding,  even  on  only 
half  the  usual  malemal  reserves,  but  they  do  not  conibue  to  grow  and  cannot  reach 
metamorphosis  unless  exogenous  sourcesofnutrhion  are  provided.  They  are  obligate 
plankiotrophs  and  ultimately  must  feed  to  develop  the  juvenile  rudimem,  but  spend  a 
relatively  large  part  of  their  larval  development  as  ftcultative  feeders.  This  nutritional 
strategy  is  an  example  of  the  dissociation  of  the  ability  to  feed  and  the  need  to  feed  as 
notedbHerrera«(o/.(l996). 

In  contrast  to  the  plasticity  exhibited  by  larvae  o( Mellila  quinquitsperforma 
(Chapter  5),  there  was  no  significant  evidence  of  morphological  plasticity  b starved 
larvae  of£.  aberrant  from  either  full-size  or  half-size  eggs.  Given  sufftcient  maternal 

larval  arms  and  feeding  structures  in  response  to  low  food  concentrations  or  starvation. 
Morphometric  Descripl  ion  of  Larval  Developmcni  in  Fncane  abrrmn. 

Fed  larvae  from  full-size  eggs  reached  mctamorphic  competency  by  day  7.  Three 
morphometric  measurcmenisofplutcus  size  were  made.  The  larval  length,  from  the  lip 
ofihe  posioral  arms  to  the  posterior  lip  of  the  body,  of  these  plutei  increased 
approximately  1.6-fold  from  the  4pl  to  the  8R  sugc  (Fig.  21a).  Final  larval  length  (Table 
9)  was  very  similar  to  that  of  Lyieehinus  yariegaius  (Chapter  3)  and  Sirong^loeenimii,! 
purpuraiia.  but  longer  than  that  of  Oendrasler  rsceniricus  (a  temperate  clypoasicroid). 
and  shorter  than  that  of  Slrongyloeeniroius  droebachiensis  (McEdward  & Herrera,  b 
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Table  9.  Larval  shape  and  size  eharacierislics  of  Encope  aberrans. 


Dev  Time  from  I 

Fertilization  to  stage 

Body  length  (pm)  333 

Larval  length  (pm)  324 

CB  length  (pm)  22SS 

£ Arm  length  (pm)  793 

CB/BL  6.86 

%CBonarms  69.4 


8pl  8R  late  8R 

2.5  3.5  7 


419  475  526 

752  827  900 

5485  7861  9827 

2015  2968  3714 

13.1  16.6  18.8 

73.5  75.4  75.3 


%CB  on  PO 
%CB  on  ALA 
%CBonPD 
?4CB  on  PR 


74  59  48 

26  21  17 

20  27 

8 


32 


31 

17 


press).  The  body  length,  measured  from  the  midline  of  the  anterior  tip  of  the  oral  hood  to 
the  posterior  tip  of  the  body,  increased  approximately  1.4-foId  from  the  4pl  to  the  8R 
stage  (Fig.  21b).  Body  length  of  these  larvae  (Table  9)  was  very  similar  to  that  of 
Lylechinus  voriegalus  (Chepicr  3).  longer  than  that  ofDemfratrer  ftccenrrieus  (a 
temperate  clypeasleroid).  but  shoner  than  that  of  the  two  Strongylocenlrolids  previously 
studied  (MeEdward*  Herrera,  in  press).  The  length  of  the  larval  feeding  structure,  the 
ciliated  band,  increased  approximately  3.4-fold  from  the  4pl  to  the  8R  stage  {Rg.  22).  and 
to  approximately  4.3-fold  by  day  five.  The  ciliated  band  in  the  8R  stage  of  these  larvae 
(Table  9)  was  very  long,  and  was  similar  in  length  to  that  of  the  two  Strongylocentrolids, 
but  was  longer  than  the  ciliated  band  of i.  voriegoti/j:  or  D.  cTeewr/ciir  (McEdward  A 
Herrera,  in  press;  Chapter  3), 


r of  larval 


Tbe  ratio  oftbe  ciliated  band  leogth  to  the  body  length  is  an  indicator 
shape.  Thisralio  increases  from  6.9  at  the  4-amied  stage  to  16.6  at  the  8-armed/whh 
rudimem  stage  (Fig.  23).  and  to  18.8  by  day  five  (Table  9).  This  ratio  indicates  that  tbe 
increase  in  ciliated  band  length  in  relation  to  body  length  is  due  to  changes  in  larval  shape 
rather  than  just  increases  in  body  size.  Tbe  ciliated  band  length  to  body  length  ratio  was 
much  higher  in  this  species  than  in  any  of  the  species  previously  studied  (McEdward  & 
Herrera,  bt  press;  Chapter  3).  Another  indicaror  of  larval  shape  change  is  the  percentage 
of  ciliated  band  found  on  the  arms  (Fig.  24a).  At  tbe  4-armed  stage,  the  postoral  arms, 
account  for  74%  of  the  ciliated  band  on  the  arms.  This  percentage  decreases  as  each  new 
pair  of  arms  is  added  until  it  drops  to  35%  at  day  3.5.  the  8-armed/with  rudiment  stage, 
and  to  about  32%  by  day  five.  The  anterolateral  arms  contribute  about  26%  to  the 
ciliaied  band  on  the  arms  at  the  4-atmed  stage  and  this  percentage  also  dnjps.  to  about 
20%,  as  the  other  2 pairs  of  arms  are  added,  "nie  posterodorsai  arms  account  for  about 
20%  of  the  ciliated  band  on  the  arms  at  the  6-armed  stage  and  this  percentage  increases  to 
3 1%  at  day  4.  The  pceoral  arms  account  for  7%  of  the  ciliated  band  on  the  arms  at  the  8- 
armed  stage  and  this  percentage  increases  to  1 8%  by  day  five  (Table  9).  These 

Dtndrasier  excemrteus  (McEdward  & Herrera,  in  press).  In  comparison  to  Lyiechinm 
variegarus,  the  percentage  ciliaied  band  on  the  posiorais  in  these  two  clypeasleroids 
decrca.ses  dramatically  while  the  percentages  of  the  ciliated  band  found  on  the 

amerolaleral  and  preoral  arms  increase  (Table  9)  (McEdward  & Herrera,  In  press; 

Chapter  3).  In  clypeasteroid  larvae  there  is  a grealer  increase  in  ihe  lengths  of  the  arms 

on  the  oral  hood  in  comparison  to  the  growth  of  these  arms  in  larvae  of  i.  vari^galus. 
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Devclopmenl  is  very  rapid  in  larvae  of  Encope  abemms.  Morpbomelric 
measuremenls  of  die  larval  body  reveal  ihal  these  larvae  grow  longer  arms  and  longer 
ciliated  bands  very  early  in  development  and  that  they  have  a much  higher  ciliated  hand 
length  to  body  length  ratio  than  do  larvae  of  other  species  (Table  9)  (McEdward  & 
Herrera,  in  press;  Chapter  3).  This  accelerated  development  of  larval  feeding  structures, 
in  addition  to  gnater  nutrient  reserves  in  the  egg  alow  this  species  to  complete 
development  to  metamorphosis  in  only  5-7  days. 

Starvation  and  Momholoeical  Plasiiritv 

The  larvae  of  £.  aberrans  6om  either  fiill-siae  or  half-size  eggs  can  develop  to  the 
8pl  stage  without  exogenous  particulate  food,  but  they  cannot  metamorphose  (Fig  20). 

The  total  length  of  the  arms  does  not  increase  in  these  larvae  after  day  4 (Fig.  24b).  The 

larvae  survived  for  at  least  8 days,  but  they  stopped  growing  and  developing  after  day 

Ciliated  band  lengths  were  the  same  in  both  starved  and  fed  treatments  from  lull- 
size  eggs  on  day  1.5  at  the  4pl  stage.  The  length  ofthe  ciliated  bond  in  the  fed  larvae 
from  both  lull-size  and  half-size  eggs  increased  steadily  throughout  development,  while 


that.  Also  there  was  no  change  in  larval  shape  after  day  4 in  the  starved  larvae  as 

indicated  by  the  fact  that  the  ciliated  band  length  to  body  length  ratio  did  not  change  (Fig. 
23).  This  ratio  increased  rapidly  from  day  1.5  or  2 until  day  4 for  all  treatments,  but  by 
day  5 the  fed  larvae  continued  to  increase  the  amount  of  ciliated  band  for  body  length  and 
starved  larvae  plateau  and  begin  to  deteriorate.  Larvae  of  Encope  oberrans  are  able  to 
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develop  through  the  fmsl  larval  stage,  the  8pl  larva,  while  those  of  i.  variegmm  can  only 
reach  the  dpi  stage.  However,  larvae  of  both  species  exhaust  maternal  reserves  at 
approximately  the  same  time  (4  days  of  age). 

Effect  of  a Reduction  in  Egg  Enerav  Content  on  Develonmem 

The  reduction  of  egg  energy  contents  by  50  percent  did  not  prevent  the  starved 
larvae  from  developing  to  the  8pl  stage.  None  ofthe  starved  larvae,  ftom  full-size  or 

ofhalf-sizaeggs,  larvae  off,  abemms  from  full-size  eggs  were  not  able  to  reach 
metamorphosis  without  feeding.  The  ability  ofbrvae  to  attain  each  stage  of  larval 
development  without  food  depends  on  the  material  provided  in  the  egg  (see  also  Table  5, 
Chapter  4;  and  Chapter  5).  In  the  fed  treatments,  as  development  continued,  it  was  noted 
that  larvae  from  the  blaslomcre  separation  treatments  were  approximately  12  hours 
behind  the  controls  In  forming  each  larval  stage. 

Fomialion  ofthe  juvenile  rudimcni 

The  larvae  from  ftill-size  eggs  formed  the  juvenile  rudiment  earlier  than  did  the 
larvae  from  half-size-eggs  fed  the  same  diet.  This  suggests  that  the  exogenous  energy 
acquired  from  food  may  be  allocated  di/Terently  between  the  two  egg-size  Ircatments. 

The  larvae  from  full-size  eggs  are  using  these  resources  to  build  the  rudiment  at  an  earlier 
time  (not  at  earlier  stages).  The  larvae  from  half-size  eggs  are  using  these  resources  to 
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General  Conclusiom 

The  experimenial  manipulaiion  of  endogenous  reserves  provides  Ihe  basis  for  an 
inlraspecific  comparison  of  larval  developmenl  given  different  size  eggs.  £.  aberrans 
larvae  had  enough  endogenous  energy  to  reach  the  8pl  stage  without  feeding.  When  egg 
energy  content  was  halved,  starved  larvae  were  still  able  to  develop  to  the  8pl  stage  on 
endogenous  reserves.  This  is  in  contrast  to  results  with  M.  quimtuiesperfijraia.  in  which 
a decrease  in  egg  size  caused  lade  of  further  development  alter  the  4pl  stage,  while  larvae 
ftom  full-size  eggs  could  reach  the  6pl  stage  on  maternal  reserves  (Chapter  5).  However, 
this  result  with  £ aberrans  is  not  unexpected  as  larvae  of  C.  subdepressus,  an  echinoid 
whh  an  egg  the  same  size  as  half-size  £.  aberrans  eggs,  reach  the  8pt  stage  without 
feeding  (Herrera  el  al.,  1996;  Chapter  4). 

Echinoid  species  with  planktotrophic  larvae  exhibit  a range  of  egg  diameters  from 
50pm  to  over  200pm  (Emiet  era/.,  1987).  Larvae  with  larger  eggs  (150-200pm)  arc  able 
to  develop  to  the  8pl  stage  without  food.  Developing  rapidly  to  the  8pl  stage  could  allow 
larvae  to  compensate  for  low  food  conditions  by  increasing  the  length  of  the  ciliated  band 
compared  to  larvae  at  earlier  stages  of  development.  This  would  have  the  same  effect  as 
allocating  energy  to  longer  arms  at  an  earlier  stage.  Larvae  would  increase  their  feeding 
ability  at  an  early  age,  and  although  they  have  reached  a bter  stage  of  development  their 
metabolic  rate  should  be  similar  to  that  of  earlier  stage  larvae  because  metabolic  rate 
increases  isometrically  with  larval  tissue  volume  (McEdward,  1984).  These  later  stage 
(8pl)  larvae  would  be  able  to  acquire  more  energy  ftora  exogenous  sources  for  their  body 
size  than  earlier  stage  (2-4pl)  larvae  of  a similar  or  greater  bromass.  Thus  it  is  not 
surprising  that  larvae  liom  larger  eggs  do  not  exhibit  phenotypic  plasticity  in  response  to 
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tow  food  levels  <McWeeney,  1995).  Both  of  these,  growing  longer  anns  and  growing 
more  anus,  allow  larnie  to  increase  feeding  ability.  This  may  minimize  the  efieclsof 
food  limitation,  and  the  currenl  studies  reveal  that  the  ability  to  teach  a later  stage  (6pl  or 
Spl)  without  food  is  dependent  upon  egg  ene^y  content. 

The  hypothesis  of  this  experiment  was  that  the  ability  off.  aberram  larvae  to 
reach  the  Spi  stage  without  ftod  would  still  occur  m larvae  fiom  half-size  eggs.  This 
was.  in  fact,  the  case.  Planktotrophic  larvae  fiom  relatively  large  eggs  are  able  to  use 
endogenous  energy  sources  to  teach  later  stages  of  developmeni.  This  increases  feeding 
abilhy  and  prevents  larvae  from  starvtag  or  spending  longer  periods  of  development  b 
the  plankton  due  to  patchy  food.  £.  aberrans  larvae  from  isolated  blastomeres  can 
develop  to  the  final  larval  slagewiihoul  feedbg.  This  suggests  that  a change  b the  stage 
that  can  be  reached  by  larvae  from  manipulated  blastomeres.  as  seen  bAf. 
gM/ngwesper/bra/o  (Chapter  5)  is  a consequence  of  decreased  maternal  reserves  and  not 
on  artifact  of  the  blastomere  isolation  procedure. 

Eneope  aberrans  bas  an  intermediate  type  of  nutritional  strategy.  These  larvae 
have  a relatively  short  period  durbg  which  they  must  feed,  preceded  by  a relatively  tong 
facullaiivcly  feeding  period,  during  which  time  they  can  gather  nutritional  resources  to 

availability.  Because  these  larvae  complete  the  development  of  the  larval  body  using 
maternal  reserves,  and  can  feed  fiiculuitively  durbg  larval  development,  they  arc 
probably  able  to  approach  the  intrinsic  maximum  rate  of  development  for  pelagic  larvae 
and  gain  the  advantages  of  a short  development  time  usually  associated  with 
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One  half  of  the  energy  in  the  egg  of£.  abtmms  is  sufficient  to  fuel  larval 

development  to  the  8pl  stage.  The  ability  of  larvae  from  half-size  eggs  to  reach  the  8p! 
stage  without  feeding  challenges  most  of  the  existing  life  history  models  (for  review  see 
Havenhand,  1995}.  These  models  predici  that  very  stnall  eggs  with  the  minimum 
endogenous  reserves  necessary  to  fuel  developmem  to  the  initial  larval  feeding  stage  and 
very  large  eggs  which  fuel  development  through  metamorphosis  are  the  only  allemmives 
that  w3l  be  fivored  by  selection. 

Larvae  from  half-size  eggs  reach  the  initial  feeding  sUge  (4pl)  approximately  12 
hours  laler  than  do  their  siblings  from  fiill-size  eggs.  After  the  4pl  stage  was  attained, 
larvae  from  all  the  tretutnenls  progressed  through  development  of  the  larval  body  stages 
ai  Ihe  same  rate.  At  eariy  larval  si^es.  plulei  from  half-size  eggs  are  less  effective 
feeders  than  those  from  full-size  eggs.  Early  in  developmem,  larvae  from  half-size  eggs 
have  shorter  ciliated  hand  feeding  structures  than  do  larvae  from  fiill-size  eggs  (Fig.  22). 

Fed  larvae  from  half-size  eggs  required  24  hours  longer  lo  reach  melamorphosis 
than  did  fed  larvae  from  full-size  eggs.  The  larvae  from  smaller  eggs  took  12  hours 
bnger  to  develop  to  Ihe  feeding  stage.  Therefore.  12  hours  of  additional  feedmg  was 
required  for  ihe  larvae  from  half-size  eggs  lo  acquire  Ihe  energy  necessary  to  develop  the 
juvenile  and  melamonihose.  More  work  is  needed  lo  determine  if  this  additional  lime 
spent  gathering  exogenous  nutrition  is  a compensation  for  the  difference  in  endogenous 
reserves  between  half  and  full-size  eggsor  a compensation  for  the  feci  that  larvae  from 
half-size  eggs  may  be  less  efficienl  feeders  during  the  earlier  stages  oflarval 
development  than  are  larvae  from  fiill-size  eggs. 
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When  meiamorphosis  uas  induced  simullaneously  in  both  fed  trealmenis, 
juveniles  from  the  ftill-sia  eggs  were  larger  than  those  from  half-size  eggs.  This  would 
suggest  lhal  the  production  of  a larger  juvenile  is  an  advanlage  ofincreased  egg  size. 
When  larvae  from  both  ireauncnis  were  induced  to  metamorphose  at  the  some  lime  the 
larvae  from  the  full-size  eggs  had  three  distinct  advantages.  First,  they  began 
development  with  twice  as  much  endogenous  material  as  did  those  from  half-size  eggs. 
Secondly,  they  had  a feeding  period  which  was  12  hours  tonger  during  a dcvelopmenlai 
period  of  only  7 days.  And  finally,  they  spent  a longer  period  of  time  forming  juvenile 
siruclures.  Any  one  or  all  of  these  advantages  may  have  contributed  to  increased  juvenile 
size  in  the  full-size  treatments.  More  research  is  needed  to  determine  which  factors 
actually  do  affect  juvenile  size. 

Although  there  was  a difference  in  juvenile  size  when  fed  cullurcs  were  induced 
to  melamorpbose  at  (he  same  time,  there  was  no  difference  in  juvenile  size  between  fed 
treatments  when  melamorphosis  was  mduced  at  first  competency  in  each  ireaimcnl. 
Juvenile  size  at  the  onsel  ofcompetency  may  be  a very  conservative  characteristic  of 
echinoids(Eml«,erol.,  1 987;  Sinervo  & McEdward,  1988;  Chapter  2).  A consistent 
criterion  fortuning  of  the  induction  ofmetamo^hosis  is  an  important  consideration  in 
echinold  life  history  studies.  This  is  particularly  critical  lo  provide  a basis  for  valid 
comparisons  among  trealmenis  and  species  {Herrera,  1 994;  Chapter  2).  In  this  study,  the 
induction  of  melamorphosis  at  (he  onsel  ofcompetency  in  each  Irealmem  revealed  that 
egg  size  does  not  affect  size  al  metamorphosis  in  this  species.  Juvenile  size  appears  to  be 
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Another  question  which  requites  more  study  is;  are  these  “same  size"  juveniles  of 
similar  quality?  Energy  content  siudiesare  needed  on  juveniles.  In  this  study.  Juveniles 
fiom  each  of  the  fed  treatments  w ere  the  same  diameter  when  metamorphosis  was 
induced  at  the  first  signs  of  competency,  but  the  Juveniles  from  larvae  which  had  the 
advantage  of  developing  from  full-size  eggs  appeared  more  robust  and  had  more  well- 
developed  spines. 


CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


Egg  size  is  a central  trail  in  the  evolution  of  marine  invertebrate  life  histories 
(Vance.  1973a,  b;  Christiansen  & Fenchel,  1979;  for  a review  see  Havenhand.  1995). 
Differences  in  egg  size  affeci  many  aspects  of reproduction  and  devclopinenl  (Sinervo 
and  McEdward,  1988).  It  has  long  been  noted  that  small  eggs  develop  into  feeding  larvae 
(planktolrophs)  and  large  eggs  into  nonfeeding  larvae  (lecilhotrophs).  Many  versions  of 
Ihefccundily/time  model  have  been  suggested  as  explanations  for  these  life  history 
strategies  found  in  marine  invertebrates  (Vance,  1973a,  b;  Christiansen  and  Fenchel, 

1 979;  Strathmnnn,  1 985;  Roughgarden,  1989;  McEdward,  1997). 

For  the  last  25  years,  we  have  assumed  that  the  extremes  of  the  developmental 
types  were  the  only  ones  that  would  be  fiivored  by  selection  (Vance,  1973a.  b; 
Christiansen  and  Fenchel,  1979;  Slralhmann,  1985;  Roughgarden,  1989;  Havenhand. 
1995).  These  types  are;  I.  extreme  plankiotrophy,  in  which  egg  size  is  small,  the  initial 
feeding  larva  is  formed  and  must  feed  or  will  not  develop  Itinher  but  will  deteriorate  and 
die,  and  2.  nonfeeding  lecilholrophy  in  which  egg  sizes  are  very  large  and  development 
limes  very  short.  Inieirncdiate  strategies  were  expected  to  be  rare. 

Dramatic  advances  have  recently  been  made  in  life  history  theory.  McEdward's 
(1997)  facultative  feeding  model  predicts  that  intermediate  strategies  will  be  favored  by 
seleciioa  This  is  in  contrast  to  all  previous  fecundily/lime  models  which  alicmpled  to 
explain  life  history  patterns  in  marine  benthic  invenebrales. 
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Id  all  plajiktolrophic  larvae,  growth,  dcvetopment,  and  juvenile  rudimeni 
formalionare  fueled  by  energy  from  exogenous  and  endogenous  sources.  Differences  in 
egg  energy  conieni  and  exogenous  food  supply  delermine  how  larvae  grow,  al  whal  rale 
they  develop,  and  when  the  Juvenile  rudiment  is  formed.  Compared  to  extreme 
planktotrophs.  larvae  with  intermediate  nutritional  strategies  have  more  endogenous 
reserves  and  are  able  use  them  to  fuel  development  beyond  the  initial  larval  feeding  form 
(Eeken,  1995;  McWeeney,  1995;  Herrera  cfo/.,  1996).  They  reach  later  stages  of 
development  without  feeding. 

The  ability  of  larvae  to  reallocate  growth  (morphological  plasticity)  to  the  arms  in 
response  to  limited  food  concentrations  (Boidro^-Melairo^  1 988;  Straihmann  el  ah. 

1992;  Fenauxero/.,  1994)  during  early  development  is  determined  by  the  availability  of 
suflicicnl  raalemal  reserves  (McWeeney,  1995).  Any  increase  in  arm  length  causes  an 
increase  in  the  length  of  the  ciliated  band  feeding  structure  (McEdward,  1 984;  McEdward 

1971;  Straihmann  1972;  Han.  1991). 

by  maternal  reserves  (Ecken,  1995;  Herrera  era/..  1 996;  Chapter  4.  Chapter  5).  As  in  the 

more  and  longer  arms  giving  them  longer  ciliated  bands  (McEdward,  1984, 1985b; 
McEdward  & Herrera,  in  press).  Thus,  later  stage  larvae  can  process  more  water  for  food 
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To  examine  ihe  relationships  among  endogenous  reserves  (maternal  investment), 
the  need  for  exogenous  nutrition,  and  larval  development  through  metamorphosis, 
several  nutrilbnal  experiments  were  done  using  echboids  with  a range  of  egg  sizes 
(76|itn  to  284|un  diameter)  and  nutritional  strategies.  A series  ofeompatative  studies 
was  undertaken  to  bvestigate  the  effects  of  varying  the  species  and  concentrations  of 
algae  provided  to  echinoplutei  os  sources  of  exogenous  pankulaie  nutrition.  Effects  of 
differences  b endogenous  reserves  caused  by  egg  size  differences  were  evaluated  among 
species  with  different  egg  sizes  and  withb  species  by  experimental  manipulation  of  egg 


An  evaluation  oftbe  concentration  ofeach  algal  species  necessary  to  provide  an 
insufficient,  limiting,  or  non*  limiting  diet,  and  of  the  effirels  of  differences  in  e.xogenous 
nutrition  on  larval  development  was  accomplished  in  a compuialivc  study  of  the  effects 
ofdifferem  species  and  concentrations  of  food  organisms,  hvchrysli  galbana  is  an 
insufficient  diet  for  the  larvae  o( Lylechinus  varlegatiis  and  will  not  support  development 
of  the  juvenile  rudiment.  Rhadtimonos  lens  and  Diinalivtta  reriiolecta  were  found  to  be 
excellent  diets  for  rearing  these  larvae.  Each  species  provides  an  unlimited  diet  for 
complete  development  through  metamorphosis  at  concenlrolions  2 8 or  more  cells  pf', 
Diets  of  4 cells  pf'  provided  limited  nutrition,  which  will  support  complete  development 
but  at  a reduced  rote,  and  diets  of  less  than  4 cells  pf'  arc  insufficient  to  support 
development  through  metamorphosis.  R lens  appertrs  to  be  a better  diet  for  Lyiechimis 
variegalus  larvae  than  D.  senioleeia,  as  larvae  fed  R fens  developed  the  Juvenile 
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sooner  than  those  fed  the  same  concentrations  ofO. 
Kniolecta.  R.  lens  has  also  been  found  to  suppon  development  in  Lytechinus  variegaius 
comparable  to  that  seen  from  natural  phytoplankton  assemblages  at  some  times  during 
the  year  (Boidron-Metairon.  1987). 

Larvae  fed  D.  leeiiolecia  developed  through  the  6 and  8pl  stages  more  rapidly 
than  did  those  fed  the  same  concentrations  off?,  lens.  This  acceleration  of  larval  arm 
development  may  be  an  expressionof  developmental  flexibility  (McEdward  & Hadfield, 
1996)  and  would  have  an  effect  similar  to  the  elongation  of  larval  arms  (morphological 
plasticity)  seen  in  other  studies  of  larval  responses  to  variations  in  diet  (Boidron- 
Metairon,  1988;  Slralhmann  el  al.,  1992;  Fenauxar  ol..  1994).  This  response  might  be 
another  mechanism  to  minimize  development  time  even  under  low  food  concentrations. 


diet  for  the  development  of  both  larval  and  juvenile  structures.  Diets  of  4 cells  pi''  and 

However,  less  than  8 cells  pT'  is  a limiting  diet  for  the  rapid  growth  of  the  juvenile. 
Larvae  fed  4-6  cells  pi  ' reached  competency  one  day  Inter  than,  but  metamorphosed  into 
juveniles  of  the  same  size  as,  those  fed  diets  of  8-14  cells  pT'.  Givena  sufllcient  diet, 
juvenile  size  at  the  onset  of  competency  is  very  conservative  in  this  qiecies.  Unlimited 
exogenous  food  supports  very  rapid  development,  probably  near  the  intrinsic  maximum 
rate,  as  these  larvae  reach  metamorphosis  in  as  little  as  9 days.  High  levels  of  exogenous 
food  can  compensate  for  lower  levels  of  maternal  investment. 


Eight  species  of  urchins  alJowed  interspecific  comparisons  oflhe  effect,  on 
development,  of  differences  in  endogenous  reserves  (egg-size).  Differences  in 
dependence  on  exogenous  food  among  larvae  from  species  with  different  egg  sizes 
(maternal  investment  per  offspring)  were  found.  A number  of  nutritionaJ  strate^s  were 
discovered.  Egg  size  affected  the  larval  stage  which  could  be  reached,  without  feeding, 
andtberateofdeveiepment.  with  or  without  feeding.  Larger  egg  sizes  resulted  in  larvae 
that  reached  later  stages  of  development  (without  feeding),  and  in  shorter  developinenl 
times,  but  did  not  result  in  larger  juveniles.  Rapid  development  times  will  decrease  the 
time  larvae  are  in  the  plankton.  Thus,  they  will  spend  less  time  subjected  to  planktonic 
predation  pressures. 

Depending  on  maternal  reserves  (egg  size),  larval  development  among  these 
species  was  fueled  to  the  initial  feeding  form  (4pl),  or  to  an  intermediate  form  (either  6pl 
orSpI).  or  to  metamorphosis  (facultative  planktotrophy).  This  diversity  of  stages  reached 
on  maternal  reserves  alone,  coupled  with  the  documented  ability  oflarvae  with 
intermediate  strategics  to  metamorphose  after  only  a few  days  of  feeding  later  in  life 
(Boidron-Mclairon,  1988;  Eckert,  1995),  illustrates  a dissociation  of  the  onset  of  the 
ability  to  feed  from  the  onset  of  the  need  for  food.  These  larvae  with  intermediate 
nutritional  strategies  would  have  a longer  facultative  feeding  period  (sec  Chapter  4) 
relative  to  total  feeding  time,  and  would  be  able  to  store  more  of  the  energy  gathered, 
allowing  development  time  to  approach  the  intrinsic  maximal  rale  (the  rate  of 
development  possible  ifall  the  energy  necessaiy  to  reach  metamorphosis  were  provided 


in  the  egg).  These  data  on  species  with  a range  of  inlemediate  mitrilional  stralegies 
provide  Ihe  empirical  basis  of  the  fiicultative  feeding  model  {McEdward.  1997). 
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Studies  of  the  effects  of  an  experimental  reduction  in  egg  size,  under  different 
exogenous  nutritional  conditions,  were  done  with  larvae  of  the  sand  dollars  Mtllila 
quinquesperforala  and  Encopt  oberrons.  These  blastoraere  isolations  allowed 
intraspecific  and  interspecific  con^tarisons  of  the  effects  of  differences  in  egg  energy 
content  on  larval  development. 

Egg  size  determined  the  stage  of  development  that  the  larva  reached  without 
feeding,  affecting  the  length  of  the  facultative  feeding  period  ta  these  larvae.  Starved 
larvae  from  half-size  M.  quinquiesptr/oraia  eggs  (88pm)  could  only  attain  the4pl  stage 
before  dctcrioratbg.  while  those  from  full-size  eggs  (1  lOpni)  reached  a laler  stage  (6pl) 
on  endogenous  reserves  alone.  Larvae  from  larger  eggs  (£.  abernns),  whether  from 
half-size  {150pm)  Of  full-size  (195pm)  eggs  reached  Ihe  final  larval  stage  (8pl)  without 
feeding.  M.  quinquiesperforato  fed  limited  food  grew  longer  arms  and  ciliated  bands 
than  did  those  fed  unlimhed  food.  However,  those  larvae  from  the  blasiomere  isolations 
were  only  able  to  exhibit  this  plasticity  during  later  development,  and  those  from  full-size 
eggs  showed  plasticity  during  early  development  as  vrell  as  later  in  development.  Larvae 
with  extremely  low  endogenous  reserves  may  not  have  the  energy  available  to  grow 
larger  feeding  slnicturcs  until  they  have  spent  some  lime  gathering  energy  from 


exogenous  sources. 


EjKope  abe 


: than  U needed 


Tor  complele  devebpnKDl  of  the  larvaJ  body.  This  allows  these  larvae  lo  develop  very 
rapidly.  Thus,  these  larvae  spertd  a relatively  short  tinv  in  the  plartklon.  and  therefore, 
(hey  spend  less  time  subjected  to  planktonic  predation  pressures  than  do  larvae  of  species 


There  was  no  plasticity  exhibited  ^ £.  oberrans  larvae  in  any  of  (he  Ireaimcnis. 
Higher  levels  of  endogenous  reserves  may  preclude  the  need  lo  grow  longer  arms  in  order 
to  compensate  for  lower  levels  of  exogenous  nutrition.  These  larvae  can  develop  very 
rapidly  through  the  larval  stages  without  food.  In  addition,  they  can  spend  this  time 
feeding  facultatively.  This  would  allow  them  to  further  shorten  latal  development  time, 
even  under  low  food  conditions. 

melamorphosis  occurred  at  the  onset  of  competency.  Juvenile  size  appears  to  be  highly 
conservative  in  these  echinoids  and  is  not  affected  by  differences  in  nutritional  sources. 
There  may  be  a minimumjuvenile  size  that  is  specific  lo  each  species.  Swimming  and 

Morohomelric  Comcarisons 

Moqrhomelric  measurements  were  made  of  the  echinoplulei  of  Ljlechinus 
diameter).  In£  abe/rons  endogenous  reserves  had  more  effect  on  the  trajectory  of 
affected  developmental  trajectory  later  in  development.  In  L.  variegaius,  exogenous 
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nutrition  affected  larval  grotvih  very  early  during  developmenu  with  starved  larvae 
growing  longer  arms  by  the  early  4pl  suige.  Exogenous  nutrition  has  a greater  effect  on 
earlier  stages  oflarval  development  in  species  with  lower  levels  of  endogenous  reserves 
than  in  species  with  higher  levels  of  endogenous  reserves. 

The  larvae  offncopeaiemins  grew  more  during  the  period  of  rudiment 
formation  than  any  of  the  species  previously  studied  (McEdward  & Herrera,  in  press; 
Chapter  3).  Observations  from  my  work  on  other  sand  dollars  indicate  that  the  larva! 
structures  of  Clypeasteroids  continue  to  grow  rapidly  during  rudiment  formation  (Chapter 


This  discovery  of  a number  of  species  with  intermediate  feeding  requirements 
along  with  the  hicultative  feeding  model  (McEdward.  1997)  suggest  new  exciting 
directions  for  the  study  of  invertebrate  life  histories  in  Iho  sea.  These  echinoid  species 

species  from  a broader  range  of  taxa,  I predict  more  examples  of  intermediate  strategies 
will  be  found.  There  are  many  examples  of  mtermediale  strategies  in  the  literature  and 
yet  many  of  them  have  not  been  previously  recognized  as  inlertnedialcs  nor  have  they 
been  analyzed  in  the  context  of  life  history  theory  (for  a review  sec  Chapter  4). 

Current  life  history  models  address  only  the  period  from  egg  to  metamoiphosis. 

development  oflhe  juvenile  rudiment  were  observed  in  my  studies  (Chaplets  2 & 3). 
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may  be  large  differences  in  juvenile  biomass  caused  by  difTerences  in  nulrhion.  More 
empirical  studies  on  the  effects  of  differences  in  endogenous  reserves  and  exogenous 
food  sources  are  needed  to  determine  how  larval  and  Juvenile  development  are  affected 
by  changes  In  each  source  of  energy.  Morphometric  meosurernenta  of  larvae  during  these 
studies  would  provide  a clearer  understanding  of  the  effects  ot  and  scope  for,  plasticity 
and/or  flextbilily  in  larval  development  in  response  to  differences  in  levels  of  exogenous 
vs.  endogenous  nutritional  sources. 
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